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Chapter 1 
1. Cardiac Glycosides 
 
Cardiac glycosides have been used as drugs to treat heart diseases for 
hundreds of years. There are more than 200 naturally occurring cardiac glycosides 
that have been found in numerous plant species, such as Digitalis purpurea, 
Digitalis lanata, Strophanthius gratus and so on. Ouabain (G-strophanthin), 
digoxin, digitoxin, and digitoxigenin are well-known cardiac glycosides. Some of 
them or their derivatives are still widely used for the treatment of congestive heart 
failure. 
The plants that contain cardiac glycosides have been discovered both as 
beneficial drugs and poisons in various cultures for centuries. The ancient 
Egyptian and Romans used those plants as heart drugs long time ago. In Asia 
some herbs containing cardiac glycosides have been discovered to be poisonous, 
since toxicity happened after drinking teas made from those herbs. In 1785, the 
English physician William Withering [1] used the leaves of purple foxgloves 
(Digitalis purpurea), which are known to contain cardiac glycosides now, to treat 
patients with heart failure. He found that these leaves could strengthen the 
contractions of the heart muscle in the patients. Meanwhile, cardiac glycoside also 
caused some side effects and toxicity to the patients, especially in the therapy of 
dropsy [2].  
The medical understanding of cardiac glycosides had been significantly 
enlarged by Schatzmann’s landmark research in 1953, a few years before the 
discovery of the sodium pump. He found that cardiac glycosides could inhibit the 
active transport of Na+ and K+ ions across the red cell membrane [3]. This finding 
was confirmed and extended by subsequent studies, Skou discovered that a 
membrane protein hydrolyzed ATP in the presence of both Na+ and K+ [4]. Later 
he found that this ATPase activity was inhibited by ouabain [5]. This ATPase is 
now generally named as Na,K-ATPase [6]. Moreover, Repke (1964) suggested 
that the Na,K-ATPase is the specific receptor for cardiac glycosides in the heart, 
since he found a positive correlation between the inotropic effects of cardiac 
glycosides and their degree of inhibition of the enzyme [7]. This phenomenon was 
explained by Baker [8] who showed that the increase in intracellular Na+ (which is 
due to the inhibition of the enzyme) leads to an enhanced intracellular Ca2+ 
concentration through the Na+-Ca2+ exchange carrier in the cardiac muscle. The 
increased intracellular Ca2+ concentration results in the increased contractility by 
the heart muscle. 
It has long been the question why the receptor for a plant drug would have 
been conserved on a mammalian transporter during evolution. Increasing evidence 
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suggests the presence of an endogenous ouabain-like circulating factor in blood 
[9]. Recent studies have shown that the concentration of this circulating factor that 
inhibits Na,K-ATPase in blood plasma correlates with hypertension [10]. As it has 
been acknowledged that cardiac glycosides are specific inhibitors for Na,K-
ATPase [11], this circulating factor was identified as endogenous ouabain or a 
related compound and it was defined as a member of a new class of steroid 
hormones [12;13]. Inhibition of Na,K-ATPase also attributes to the cardiotonic 
and vasotonic effects in hypertension [14], but the molecular mechanism of the 
interaction between the cardiac glycosides and Na,K-ATPase is still not clear. 
 
2. P-type ATPase Family  
 
P-type ATPases are members of a large family of enzymes, most of which 
actively transfer cations across membranes utilizing ATP as energy source. These 
enzymes become phosphorylated during the catalytic cycle by the γ-phosphate 
group of ATP at an aspartic acid within the highly conserved sequence DKTGT 
[15]. The family of P-type ATPases contains more than 150 members. The 
numerous ATPases are categorized into five major groups each with several 
subgroups, according to sequence similarity [16]. The various isoforms of Na,K-
ATPase, together with the non-gastric and gastric H,K-ATPases constitute the 
subgroup IIc. The sarcoplasmic endoplasmic reticulum calcium ATPases 
(SERCA) and the plasma membrane calcium ATPases (PMCA) are classified in 
subgroups IIa and IIb, respectively. A simplified phylogenetic tree of P-type 
ATPases is illustrated in Figure 1.1[17]. 
 
2.1 Na,K-ATPase and H,K-ATPase 
 
Na,K-ATPase is also known as the sodium pump. This enzyme is an 
integral membrane protein that is responsible for maintaining the electrochemical 
gradients of sodium and potassium ions (low Na+ and high K+ intracellular 
concentrations) across the cell membrane using the energy from ATP hydrolysis. 
Keeping such ion gradients is essential for numerous physiological processes, 
such as maintaining the excitable activity of muscle and nerve cells, the 
translocation of glucose and other nutrients into the cells. Skou was awarded the 
Nobel Prize in chemistry in 1997 for his landmark discovery of Na,K-ATPase.  
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Figure 1.1. Simplified phylogenetic tree of the P-type ATPase family. This simplified version 
of the phylogenetic tree contains five main breaches designating Type I-V ATPases. Type I 
includes the KdpB proteins which are supposed to be involved in K+ transport (Ia), and the 
pumps that move metal cations such as Cd2+, Cu2+, Ag+, etc.(Ib). Type II constitutes the two 
main calcium pumps SERCA (IIa) and PMCA (IIb), as well as the subgroup IIc containing the 
catalytic subunits of the four isoforms of Na,K-ATPase, and the gastric and non-gastric H,K-
ATPases. Type III covers plasma membrane H+-ATPase and Mg2+-ATPases from plants and 
bacterial species. Type IV genes are involved in the transport of aminophospholipids. Little is 
known concerning the function of Type V ATPases [17].  
 
It was Dean who first introduced the idea that there might be a sodium 
pump in the cell membrane in 1941 [18]. On the basis of the observation that Na+ 
and K+ ions within muscle fibers could exchange with the environmental ions 
against the concentration gradients, Dean drew the conclusion that there must be 
some sort of a pump in the fiber membrane, which can pump K+ into and Na+ out 
of the cell [18]. Experiments on giant axons [19] and on red blood cells supported 
Dean’s proposal. The efflux of Na+ depends on the extracellular K+ concentration 
[20;21], and a correlation between the active efflux of Na+ and the influx of K+ 
was observed [21]. Gardos found that ATP could support pumping of ions in red 
blood cells in 1954 [22].  It was not until 1957 that Skou discovered an ATPase 
that could be activated by Na+ and K+ in the presence of Mg2+ in crab nerve 
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membrane preparations [23]. The succeeding experimental data indicated that the 
Na,K-ATPase, as it was later named, is responsible for the active transport of Na+ 
and K+ across the cell membrane [6]. From then on numerous studies have been 
carried out to identify various aspects of Na,K-ATPase. One of the most important 
observations is that cardiac glycosides are specific inhibitors of Na,K-ATPase 
[24]. Thus cardiac glycosides have been used as a tool to identify and localize the 
enzyme for many years. On the other hand, this specific inhibition of cardiac 
glycosides for Na,K-ATPase also revealed the mechanism of cardiac glycosides 
used as heart failure drugs. Recent studies suggested that the Na,K-ATPase also 
functions as a signal transducer, the enzyme is involved in assembling multiple 
protein complexes that transmit signals to different intracellular compartments 
[25].  
H,K-ATPases are present in two forms, the gastric H,K-ATPase and the 
non-gastric H,K-ATPase. These two enzymes are closely related to Na,K-ATPase, 
and also belong to the IIc subgroup of P-ATPases. The gastric H,K-ATPase is 
responsible for gastric acid secretion, and carries out the electroneutral exchange 
of H+ and K+ across the apical membrane of the gastric parietal cells [26]. The 
non-gastric H,K-ATPase plays most likely a vital role in the K+ absorption in the 
colon [27-30], kidney [31] and proton transport in the prostate gland [32].  
 
2.2 Structure  
 
The members of the IIc subclass of P-type ATPases have not only in 
common that they transport K+ into the cell, but they are also the only P-type 
ATPases that contain a glycosylated β-subunit in addition to the catalytic α-
subunit (Figure 1.2) [17]. These subunits are present in equimolar amounts. In 
some tissues, like kidney, a third non-obligatory subunit, a member of the FXYD 
family, is also present. 
The α-subunit is the catalytic subunit. It is composed of about 1000 amino 
acids and has a molecular mass of approximately 110 kDa. The first determined 
cDNA of Na,K-ATPase was the sheep kidney α-subunit [33]. The sequences of 
Na,K-ATPase α-subunits from various species and tissues are almost identical. 
The basic structure of the α-subunits is similar in Na,K- and H,K-ATPases. The α-
subunits cross the membrane 10 times forming transmembrane domains M1 to 
M10. Both N- and C- termini are present at the intracellular side [34]. Structural 
studies on the α-subunit suggest that the transmembrane segments are α-helical. 
The large intracellular loop between M4 and M5 that contains the phosphorylation 
(Asp369) site and the nucleotide binding domain is largely β-sheet [35].  
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Extracellular 
Intracellular 
 
Figure 1.2. The schematic structure model of Na,K-ATPase. The α-subunit contains ten 
transmembrane segments shown as ‘unfolded’ disposition. The actuator (A), nucleotide-binding 
(N) and phosphorylation (P) domains are all at the intracellular side. The β-subunit crosses the 
membrane once and has three glycosylation sites in the extracellular medium. FXYD stands for 
the non-obligatory γ-subunit that belongs to FXYD family [17]. 
 
The Ca2+-ATPases are closely related to Na,K-ATPase and H,K-ATPase. 
Our knowledge on the structure of both Na,K-ATPase and H,K-ATPases has been 
significantly improved by the determination of the crystal structure of  SERCA1a 
(skeletal-muscle sarcoplasmic-reticulum / endoplasmic-reticulum Ca-ATPase) at 
2.6 Å resolution [36]. In this study it was definitely established that the latter 
enzyme contained 10 transmembrane helices. The large intracellular parts could be 
divided in actuator (A), nucleotide-binding (N), and phosphorylation (P) domains. 
Homologous models of Na,K-ATPase and H,K-ATPase have been established 
according to the crystal structure of SERCA. The sequence alignments of SERCA 
with Na,K-ATPase provides reliable homology models for the first three 
transmembrance hairpins M1-M2, M3-M4, and M5-M6. However, the 
transmembrane hairpins M7-M8 and M9-M10 differ much more in term of 
sequence identity between these two groups of enzymes, so that the structure 
prediction of these parts will be less accurate [17]. This might also be due to the 
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presence of β-subunits in both Na,K-ATPase and H,K-ATPases that interact with 
the M7-M8 extracellular loop, whereas the Ca-ATPase does not have a β-subunit. 
The structure predictions from the homology model are compatible with some 
previous research data of Na,K-ATPase obtained before the publication of the 
crystal structure of SERCA. For instance, the central position of the M4, M5, and 
M6 transmembrane segments around the cation-binding sites, the inhibitor-
binding sites [17;37], and the structure of the phosphorylation site and the P 
domain were already postulated [38]. Very recently, the crystal structure of the 
E2P conformation of SERCA and several other intermediates have been published 
[39-41]. These crystal structures of Ca2+-ATPase makes it possible to establish 
reliable structural homology models of other IIc P-ATPases, like Na,K-ATPase 
and H,K-ATPase. 
The β-subunits of Na,K-ATPase and gastric H,K-ATPase have a relative 
molecular mass of about 50 kDa and 60-80 kDa respectively.  They are composed 
of about 300 amino acids. The β-subunit is an accessory subunit and crosses the 
membrane once near the N-terminal part of the protein. The C-terminus is located 
on the extracellular side of the membrane. The β-subunit of Na,K-ATPase is 
glycosylated on three asparagine residues in the extracellular part, leading to a 
sugar mass of about 10 kDa [42]. The β-subunit of gastric H,K-ATPase contains 
even six or seven glycosylated asparagine residues depending on the species. The 
non-gastric H,K-ATPase has no β-subunit of its own, but most likely uses the β1-
subunit of Na,K-ATPase [43;44]. The β-subunit plays an essential role in the 
delivery and insertion of α subunit in the membrane. It has been shown that the β-
subunit makes direct contact with the extracellular loop between the 
transmembrane segments M7 and M8 of the α-subunit [45]. By this means it 
stabilizes the α-subunit and assists its transport from the endoplasmic reticulum to 
the plasma membrane [46]. Moreover, a variety of studies suggest that the β- 
subunit may be important for ATP hydrolysis and ion transport [35].  
In contrast to both H,K-ATPases, Na,K-ATPase has a third subunit in some 
tissues, the γ-subunit. The γ-subunit is about 7-11 kDa. It was first reported that 
the γ-subunit does not associate with individual α- or β-subunits but only interacts 
with assembled, transport-competent α-β complexes [47]. Further studies suggest 
that it possibly interacts with the C-terminal domain of the α-subunit of the 
enzyme [48]. The γ-subunit belongs to the FXYD family. In different tissues 
different FXYD proteins are associated with Na,K-ATPase [49]. In agreement 
with the fact that the γ-subunit, unlike the α- and β-subunits, is not expressed in all 
tissues, the presence of the γ-subunit is not essential for obtaining Na,K-ATPase 
activity in expression systems of the enzyme [50]. 
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2.3 Na,K-ATPase isoforms  
 
Several isoforms of Na,K-ATPase, with a tissue-specific expression, have 
been identified for both α- (α1, α2, α3 and α4) and β-subunits (β1, β2 and β3). 
Isoform α1 is the most widely distributed isoform and expressed in almost all 
tissues where it functions as a housekeeping isozyme [51]. The α2-isoform is 
mainly expressed in skeletal muscle, heart and brain and may be involved in the 
regulation of the Na+/Ca2+ exchanger [52]. The α3-isoform is found in brain and 
nervous system. It appears to play a specific role in neuromuscular impulse 
conduction [53]. The α4-isoform is only expressed in sperm and its precursor cells 
[54] and is important for ionic homeostasis of the germ cells of the testes [55]. The 
β1-subunit, like the α1-isoform, is found in almost every tissue [56]. The β2-
isoform is expressed in skeletal muscle [57], pineal gland [58], and nervous tissues 
[59], whereas β3 is present in testis, retina, liver, and lung [60;61]. All β-isoforms 
are glycosylated.  
The expression of Na,K-ATPase isoforms in a tissue-specific and 
developmental regulated manner, indicates that they may play particular roles in 
specific physiological procedures and development. The expression patterns can 
be altered during disease [62-66]. In rats and mouse, there is a difference in the 
affinities of the various isoforms for cardiac glycosides, like ouabain. The 
affinities of the rat α2- and α3-isoforms for ouabain are 1000-fold greater than that 
of the rat α1-isoform [67;68]. It has been suggested that differences in cardiac 
glycoside sensitivity of Na,K-ATPase isozymes determine their therapeutic and 
toxic effects. For instance, the high affinity Na,K-ATPase isoforms α2 and α3 
mediate the positive inotropic effects, whereas the low affinity Na,K-ATPase 
isoform α1 is responsible for the toxic effects [69]. However, in human, the 
affinities of different Na,K-ATPase α subunit isoforms (α1, α2 and α3) for cardiac 
glycosides are very similar in diverse  tissues and cell lines [70], indicating that 
both beneficial and harmful effects of cardiac glycosides are caused by a general 
inhibition of the pumps in the human heart rather than by a selective inhibition of 
various isoforms of the pumps with different affinities for the drugs as found in 
the rat and mouse heart.  
 
2.4 Reaction cycle 
 
The Na,K-ATPase, like the other P-type ATPases, has two major 
conformations, E1 and E2. The two forms of the enzyme are defined by the 
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differences in their interactions with Na+, K+, ATP, and ouabain [71]. The enzyme 
reaction cycle can be described by the Albert-Post scheme (Figure 1.3) [72]. 
 
E1
E2 E2-P
ATP ADP
Na+
Na+
K+Pi
• ouabainE2• ouabain
Pi
E1-P
K+
E2-P
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
Figure 1.3. The reaction cycle of Na,K-ATPase. The active transport of Na+ and K+ by Na,K-
ATPase are shown in the simplified Alberts-Post scheme. 
 
The E1 conformation of the enzyme has intracellularly facing cation-binding 
sites. The intracellular Na+ ions bind to the E1 form with very high affinity (Kd 
values of 0.19-0.26 mM) and catalyze phosphorylation by ATP in the presence of 
Mg2+. This phosphorylation generates an E1P form of the enzyme, which can be 
dephosphorylated by ADP in the reverse reaction. The Na+ ions are occluded in 
the phosphorylated condition when ADP leaves [72;73]. Next, the enzyme transits 
itself into the E2P conformation and releases the Na+ ions into the extracellular 
medium. Meanwhile, the enzyme increases the affinity for K+ ions (Kd ≈ 0.1 mM) 
and binds K+ ions from the extracellular side. The K+ ions induce 
dephosphorylation of the enzyme and Pi (inorganic phosphate) is released. The 
dephosphorylation of E2-P leads to the occlusion of K+ ions [72;73]. Thereafter, 
the release of K+ ions to the intracellular solution is catalyzed by ATP binding to 
an apparently low-affinity site and the enzyme changes into the E2 form. The E2 
form has ion-binding sites opening to the extracellular medium. The enzyme 
changes from E2 to E1 driven by binding of ATP. Through the above-given 
reactions, the full catalytic cycle of Na,K-ATPase is achieved [72;73]. The active 
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transport of Na+ and K+ ions with a fixed stoichiometry (3:2) requires ATP 
hydrolysis [35]. The reaction scheme of both gastric and non-gastric H,K-ATPase 
is rather similar to that of Na,K-ATPase, but the affinity for the various ions and 
the rates of the reaction steps differ. The latter two enzymes transport similar 
amounts of cations in both directions and are electroneutral.  
 
3. Interaction between ouabain and Na,K-ATPase 
 
Ouabain (g-strophanthin) is a water-soluble cardiac glycoside, which is 
extracted from the seeds of the African trees Strophanthus gratus and Acokanthera 
ouabaio. Structurally, ouabain contains three major parts (Figure 1.4) [74], a 
steroid body, an unsaturated five-membered lactone ring at the C17 position, and a 
sugar moiety (L-rhamnose) at the C3 position. 
 
 
 
 
 
 
 
 
                                                   Lactone ring
sugar residue 
steroid body(L-rhamnose)
 
 
 
 
 
 
 
 
 
 
 
                                                     Figure 1.4. Structure of ouabain. 
 
It is well known that ouabain is a specific inhibitor of Na,K-ATPase and 
binds to the enzyme from the extracellular side of the membrane. Mg2+ is required 
for the binding of ouabain.  The precise ouabain-binding site is still unknown. 
Numerous studies have made clear that ouabain prefers binding to the 
phosphorylated (E2-P) form [75;76] of the enzyme. Thus phosphorylation 
occurring in the intracellular domain of the enzyme must have an effect on the 
conformation of the enzyme at the extracellular surface. The E2-P conformation of 
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Na,K-ATPase can be achieved when either Mg2+, Na+, and ATP or Mg2+ and Pi 
are present in the reaction medium. The phosphorylated enzyme and inhibitor 
form a phosphoenzyme ouabain complex, termed E2-P.ouabain [75;76]. The 
gastric H,K-ATPase is not inhibited by ouabain, whereas the affinity of the non-
gastric H,K-ATPase for this drug is very low [77]. 
The initial efforts to localize the ouabain-binding site on Na,K-ATPase 
were carried out by chemical labeling studies. These studies indicate that the 
primary site of binding for ouabain is the α-subunit and that the β-subunit is 
probably not involved in binding [78]. Furthermore, since ouabain interacts with 
the extracellular portion of Na,K-ATPase, the early studies concentrated on 
substituting amino acids in the extracellular loops of the enzyme. A starting point 
in the pioneering work of Lingrel and co-workers was the observation that Na,K-
ATPases from different species differ considerably in their sensitivities to ouabain. 
The rat and mouse enzymes are, for instance, a thousand times less sensitive than 
those of sheep and human. Price and Lingrel generated chimeras between the 
ouabain-resistant rat α1 and the ouabain-sensitive sheep α1-isozyme and found 
that when the border residues (Gln111 and Asn122) of the first extracellular loop in 
the sheep α1 subunit were substituted with those amino acids (Arg and Asp) 
present in the rat α1 subunit, an ouabain-resistant enzyme was produced [79]. 
Subsequently, some more residues Cys104, Tyr108, Pro118 and Asp121 in the M1-M2 
region were identified as important for ouabain sensitivity [37;80-83]. These 
observations suggest that the first extracellular domain (M1-M2) of the Na,K-
ATPase α subunit is probably part of the ouabain-binding site of the enzyme. In 
addition, a monoclonal antibody (VG4) that binds to the extracellular surface of 
the Na,K-ATPase was found to enhance ouabain binding, indicating that the 
antibody might promote favorable conformational changes for binding and thus 
that ouabain probably interacts with the interior of the transmembrane segments of 
the enzyme rather than with the extracellular membrane surface [84]. 
In addition to the M1-M2 region, subsequent studies demonstrated that 
other parts of the α-subunit might be involved in ouabain binding. Koenderink et 
al [85] made chimeric enzymes between the Na,K-ATPase and gastric H,K-
ATPase. In these chimeras the starting enzyme was the gastric H,K-ATPase (both 
α and β subunits) and parts of the catalytic subunit were replaced by the 
homologous parts of Na,K-ATPase. One chimera (HN34/56), in which only M3-
M4 and M5-M6 were replaced by those of Na,K-ATPase showed high affinity 
ouabain-binding, indicating that transmembrane domains M3-M4 and M5-M6 
play an important role in ouabain binding. There are also other findings in the 
literature that support the roles of these transmembrane regions in ouabain 
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binding. Tyr308 in the second extracellular domain was identified as involved in 
ouabain-binding site since mutation of Tyr308 to Phe negatively affects ouabain 
binding [86]. The substitution of Leu330 to Gln, Ala331 to Gly, and Thr338 to Ala in 
transmembrane M4 confer modest (3.1-7.9-fold) increases in the concentration of 
ouabain needed to achieve 50% inhibition of ATPase activity (IC50). Replacement 
of Phe786 located in the transmembrane segment M5 by either Ile or Gln, resulted 
in ouabain-resistant colonies. Mutation of Leu793 to Pro in the extracellar loop 
between M5 and M6 of the ouabain-sensitive sheep Na,K-ATPase α-subunit 
resulted in an ouabain-resistant enzyme, indicating that these residues are 
important for ouabain sensitivity [87-89]. Chemical modification of both Cys367 
and Cys656 also decreased the sensitivity of the enzyme to ouabain. The later two 
residues are, however, located in the cytoplasmic region between the M4 and M5 
transmembrane domains [90], suggesting that the effect is indirect. Replacement 
of Thr797, located in the M6 region, with Val or Ala decreased the affinity of sheep 
Na,K-ATPase for ouabain 60-80 fold, indicating that Thr797 plays an important 
role in ouabain binding [91]. Furthermore, some other amino acids were identified 
to be involved in ouabain interactions with Na,K-ATPase. Mutants R880P and 
F863L of sheep Na,K-ATPase decreased ouabain sensitivity 8 and 6-fold 
respectively. Substitution of Phe982, located in M10, with Ser increases the IC50 
value of sheep Na,K-ATPase 6-fold,  suggesting these three residues might 
contribute to the ouabain insensitivity of the enzyme by disrupting the common 
protein-drug interaction [81;87;88]. These observations support the idea that 
various parts of Na,K-ATPase are involved in ouabain binding and the binding 
site is very dynamic and complex. 
Although a high-resolution crystal structure of Na,K-ATPase is not present 
and any detailed knowledge of the interactions made by ouabain in several 
conformations of the enzyme is absent, numerous studies have attempted to 
localize the exact ouabain-binding site and interpret the molecular details of the 
enzyme inhibition mechanism. Amino acids Gln111 and Asn122 located at the 
border of M1-M2 are proven to be crucial for ouabain binding sensitivity. Further 
studies suggested that they do not bind to the sugar moiety of ouabain [92]. Other 
studies indicated that the sugar moiety is not important for inhibition, since the 
inhibitory potency of ouabagenin, which is an aglycone of ouabain, is only slightly 
lower than those of cardiac glycosides [93]. In addition, solid-state NMR studies 
revealed that the sugar group was only loosely associated with the binding site 
[94]. On the other hand, the lactone ring has been demonstrated to play an 
important role in the inhibition of the enzyme. For example, when the lactone 
double bond is saturated, the inhibitory potency is reduced 5-fold [95].  
   24 
  General introduction 
In most of above mentioned studies, the investigators started with active 
Na,K-ATPase and measured the loss in ouabain binding or the change in affinity 
after mutagenesis of certain residues. It was, however, very difficult to determine 
whether this loss in ouabain binding or affinity was due to mutation of amino 
acids directly involved in ouabain binding or to secondary conformational changes 
that indirectly caused the effect. To address this problem one can perform a gain 
of ouabain binding experiment by introducing the identified amino acids in a 
closely related enzyme that lacks the capacity to bind ouabain.  
 
4. Aim and outline of this thesis 
 
The Na,K-ATPase, an integral membrane protein of the P-type ATPases, is 
responsible for the transport of three Na+ ions out of the cell and two K+ ions into 
the cell, utilizing one ATP as the driving force [96]. The Na,K-ATPase is the 
pharmacological target for the cardiac glycoside class of drugs, such as ouabain, 
which is used in the treatment of congestive heart failure and certain arrhythmias. 
Ouabain binds to Na,K-ATPase from the extracellular side but the precise binding 
site is not known yet. Defining the ouabain binding site of Na,K-ATPase will aid 
in our understanding of its inhibition mechanism and is crucial for the 
development of new drugs. The aim of this project was to gain insight of the 
ouabain binding site of Na,K-ATPase and determine amino acids that are 
necessary for ouabain binding. 
Gastric H,K-ATPase, like Na,K-ATPase, belongs to the IIc P-type ATPases. 
It has a similar structure and amino acid composition as Na,K-ATPase. Although 
the catalytic subunits of gastric H,K-ATPase and Na,K-ATPase are for 65% 
identical, the former enzyme is not inhibited by ouabain. Thus the amino acids that 
differ between these two enzymes are important for the specificity of ouabain 
binding. The high degree of similarity between the Na,K-ATPase and the gastric 
H,K-ATPase allows their functional determinants to be studied by the generation 
of chimeras. In a previous study, Koenderink et al. found a chimera HN34/56, in 
which only the transmembrane hairpins M3-M4 and M5-M6 were of Na,K-
ATPase origin, whereas all other parts of the α and β subunit originated from 
gastric H,K-ATPase, binds to ouabain with high affinity [85]. This chimera still 
contains parts of Na,K-ATPase that are probably not involved in ouabain binding. 
To assess which residues of M5-M6 are required for ouabain action, we used 
chimera HN34/56 as a starting point in chapter 2, and mutated the amino acids in 
this hairpin that are specific for Na,K-ATPase. We divided M5-M6 into seven 
parts and individually replaced these parts by the corresponding sequence of 
 25
Chapter 1 
gastric H,K-ATPase in chimera HN34/56. Three of these chimeras failed to bind 
ouabain. These three chimeras contained seven amino acids specific for Na,K-
ATPase. Next, these seven residues were individually replaced by the 
corresponding residues in gastric H,K-ATPase. Three of them totally lost their 
ability to bind to ouabain. In addition, we introduced different combinations of 
these three residues into chimera HN34 that does not bind ouabain. We 
demonstrated that only three amino acids (Phe783, Thr797 and Asp804) in 
transmembrane hairpin M5-M6 specific for Na,K-ATPase are required to gain 
high affinity ouabain binding. 
To further pinpoint the ouabain binding site and find out the minimal 
binding conditions for it, we used a similar method to study the M3-M4 hairpin in 
chapter 3. We used our chimera-based loss of function strategy and identified 
four amino acids (Glu312, Val314, Ile315 and Gly319), all present in the second 
extracellular loop or transmembrane M4, to be important for ouabain binding. 
With a final gain-of-function study we showed that a gastric H,K-ATPase that 
contained Glu312, Val314, Ile315, Gly319, Phe783, Thr797 and Asp804 of Na,K-ATPase 
bound ouabain with the same affinity as the native enzyme. These seven residues 
were all localized in transmembrane segments M4, M5 and M6.  
The relatively high degree of homology between Ca2+-ATPase and the IIc 
P-ATPases (Na,K- and H,K-ATPases) makes it possible to use homology 
modeling to obtain credible structures of later group of proteins. On the base of the 
recently published crystal structure that approaches the E2P conformation of Ca2+-
ATPase [39], we built a homology model for the ouabain-binding site of Na,K-
ATPase including all of these seven amino acids and some earlier identified amino 
acids which are involved in ouabain binding.  
Non-gastric H,K-ATPase is the third member of the P-type ATPase 
subfamily IIc. The non-gastric H,K-ATPase activity can be inhibited by relatively 
high ouabain concentrations [97;98]. This suggests that this enzyme has a low 
affinity for ouabain. The question arises as to whether it is possible to optimize the 
ouabain-binding site in non-gastric H,K-ATPase and gain high affinity binding. 
To identify amino acids that might play a key role in ouabain binding in non-
gastric ATPase, we constructed chimeras between the catalytic subunits of rat 
non-gastric H,K-ATPase and Na,K-ATPase and expressed these with the β1 
subunit of Na,K-ATPase in Xenopus laevis oocytes (chapter 4). We first 
introduced 14 amino acids of the Na,K-ATPase located in M4, M5 and M6 that 
are different from those of non-gastric H, K-ATPase. This resulted in an enzyme 
with high affinity for ouabain. Four of these residues, located in M5, were not 
needed for high-affinity ouabain binding. The other ten amino acids were 
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individually mutated back to the original non-gastric H,K-ATPase amino acids. 
The mutations of five amino acids resulted in a loss of ouabain binding. Next, we 
introduced these five amino acids (Glu312, Gly319, Pro778, Leu795 and Cys802) in 
different combinations in non-gastric H,K-ATPase and demonstrated that the 
combination of all five residues is necessary for obtaining a high-affinity ouabain 
binding in non-gastric H,K-ATPase. This finding enlarges our knowledge on the 
ouabain-binding site in Na,K-ATPase. A general discussion and summary of this 
study is given in chapter 5.  
In summary, by the study described in this thesis we have made an 
important step forward in elucidation of the binding site of ouabain in Na,K-
ATPase. Further studies are needed to see whether the postulated binding site is 
the correct one. 
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Chapter 2   
SUMMARY 
 
Ouabain is a glycoside that binds to and inhibits the action of Na+,K+-
ATPase. Little is known, however, about the specific requirements of the protein 
surface for glycoside binding. Using chimeras of gastric H+,K+-ATPase and 
Na+,K+-ATPase, we demonstrated previously that the combined presence of 
transmembrane hairpins M3-M4 and M5-M6 of Na+,K+-ATPase in a backbone of 
H+,K+-ATPase (HN34/56) is both required and sufficient for high affinity ouabain 
binding. Since replacement of transmembrane hairpin M3-M4 by the N-terminus 
up to transmembrane segment 3 (HNN3/56) resulted in a low-affinity ouabain 
binding, hairpin M5-M6 seems to be essential for ouabain binding. To assess 
which residues of M5-M6 are required for ouabain action, we divided this 
transmembrane hairpin in seven parts and individually replaced these parts by the 
corresponding sequences of H+,K+-ATPase in chimera HN34/56. Three of these 
chimeras failed to bind ouabain following expression in Xenopus laevis oocytes. 
Altogether, these three chimeras contained seven amino acids that were specific 
for Na+,K+-ATPase. Individual replacement of these seven amino acids by the 
corresponding amino acids in H+,K+-ATPase revealed a dramatic loss of ouabain 
binding for F783Y, T797C and D804E. As a proof of principle, the Na+,K+-
ATPase equivalents of these three amino acids were introduced in different 
combinations in chimera HN34. The presence of all three amino acids appeared to 
be required for ouabain action. Docking of ouabain onto a three-dimensional 
model of Na+,K+-ATPase suggests that Asp804, in contrast to Phe783 and Thr797, 
does not actually form part of the ouabain-binding pocket. Most likely, the 
presence of this amino acid is required for adopting of the proper conformation for 
ouabain binding.  
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INTRODUCTION 
Na+,K+-ATPase maintains the electrochemical gradients present across the 
plasma membrane of mammalian cells by catalyzing ATP-dependent transport of 
sodium and potassium ions [1]. Cardiac glycosides such as ouabain specifically 
inhibit Na+,K+-ATPase activity. The Na+,K+-ATPase binding site for ouabain has 
not been identified yet, although many studies with this goal have been performed. 
One of the difficulties is that during the catalytic cycle the enzyme is in different 
conformations, each of which has a different affinity for ouabain. It has been 
established that the highest affinity for ouabain is obtained when the enzyme is in 
the phosphorylated E2P-form [2]. Since it is known that ouabain acts on the α-
subunit from the extracellular side, most attention has been paid to the 
extracellular loops and the transmembrane domains of this subunit. Price and 
Lingrel [3] demonstrated that two polar but uncharged amino acids (Gln111 and 
Asn122) at the border of the first extracellular loop are responsible for the high 
ouabain-sensitivity of non-rodent Na+,K+-ATPase. In ouabain-resistant rodents 
two charged amino acids are present on these positions. Although in first instance 
most attention was directed to this region of the catalytic subunit, later studies 
showed that other parts of the catalytic subunit might also be involved in ouabain 
binding. Extensive random mutagenic analysis of the Na+,K+-ATPase α-subunit 
coupled with an ouabain selection system, has been used to identify amino acid 
residues that alter the inhibitory potency of ouabain [4-6]. Several amino acids 
present in or around the third extracellular loop (Phe786, Leu793, Thr797) that are 
possibly involved in ouabain binding were identified. In these experiments the 
apparent IC50 for the effect of ouabain on Na+,K+-ATPase activity was determined. 
The disadvantage of this approach is that a change in the IC50 value can be 
attributed to a direct effect on the ouabain-binding site but also to a 
conformational equilibrium shift.  
Gastric H+,K+-ATPase, like Na+,K+-ATPase, belongs to the P2-type 
ATPases and has a similar subunit composition and structure. Although the 
catalytic subunits of gastric H+,K+-ATPase and Na+,K+-ATPase are 63% identical, 
the former enzyme is not inhibited by ouabain. Thus those amino acids that differ 
between these two enzymes might be important for the specificity of ouabain 
binding.  
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Previously, we demonstrated that the mere introduction of transmembrane 
hairpins M3-M4 and M5-M6 of Na+,K+-ATPase into a backbone of gastric H+,K+-
ATPase resulted in the formation of a high-affinity ouabain-binding site (Figure 
2.1), as measured by direct binding of [3H]ouabain to the E2P form of Na+,K+-
ATPase [7]. Neither the introduction of hairpin M3-M4 nor that of hairpin M5-M6 
alone rendered the chimeric enzyme sensitive to ouabain. Ishii et al. [8;9] showed, 
however, that a chimera containing the N-terminal 200 amino acids of Na+,K+-
ATPase and the backbone of Ca2+-ATPase was able to bind ouabain, although 
with a low affinity. In our previous study we found that chimera HNN3, 
containing the N-terminal 279 amino acids of Na+,K+-ATPase and the backbone of 
H+,K+-ATPase, could not bind ouabain [7]. In the present study we show that 
another chimeric enzyme (HNN3/56), containing the N-terminal 279 amino acids 
and M5-M6 of Na+,K+-ATPase, was sensitive for ouabain. Taken together, these 
results indicate that the transmembrane hairpin M5-M6 of Na+,K+-ATPase plays a 
crucial role in ouabain binding. Therefore, this region was investigated in detail by 
mutating the amino acids in this hairpin that are specific for Na+,K+-ATPase, in 
order to pinpoint the individual amino acids that are important for ouabain 
binding. The report shows that a chimera, in which only the M3-M4 hairpin and 
three amino acids of M5-M6 (Phe783, Thr797 and Asp804) originate from Na+,K+-
ATPase, whereas all other parts of the α-subunit as well as the complete β-subunit 
orginate from H+,K+-ATPase, binds ouabain with a high affinity. 
 
EXPERIMENTAL PROCEDURES 
 
Construction of Chimeras and Mutants– The chimeras and mutants 
presented in this report were constructed from the rat Na+,K+-ATPase α1-subunit 
containing the R111Q and D122N mutations [3;7] and the rat gastric H+,K+-
ATPase α-subunit. Chimera HN34/56 was made as described previously [7] and 
chimera HNN3/56 was constructed from chimeras HNN3 and HN56 [7]. The rat 
Na+,K+-ATPase α1- and β1-subunits, the rat gastric H+,K+-ATPase α- and β-
subunits and the chimeras were subcloned into the pTLN vector, which is suitable 
for the Xenopus Laevis oocyte expression system [10]. Site-directed mutagenesis 
was used to generate the mutants described in this report. All introduced mutations 
were verified by sequencing. For clarity reasons we also used the numbering of 
the pig Na+,K+-ATPase for residues in parts originating from H+,K+-ATPase.  
Expression in Xenopus Laevis oocytes – X. Laevis were sacrificed and parts 
from ovaries were removed. Oocytes were separated by incubation for 2 h in 
modified Ringer’s solution (90 mM NaCl, 2 mM KCl, 2 mM CaCl2, 5 mM MOPS, 
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pH 7.4, 30 units/liter penicillin and 30 mg/liter streptomycin) containing 2 mg/ml 
collagenase A. Prophase-arrested oocytes of stage V and VI were selected for 
injection of cRNA. cRNA synthesis was carried out with SP6-polymerase 
(Promega, Madison, WI) and capping analogue (Invitrogen); As a template, the 
HpaI-linearized pTLN vector was used. For the expression of the α- and β-
subunits, oocytes were injected with 10 and 2 ng of the corresponding cRNAs. 
After injection, the oocytes were incubated for 3 days at 18˚C in modified 
Ringer’s solution.  
Preparation of Total Membranes – Oocytes were disrupted by passing them 
± 20 times  through a standard 200 μl Gilson pipette in homogenization buffer (10 
μl / oocyt; 250 mM sucrose, 0.5 mM EDTA, 5 mM Tris/HCl pH 7.4, and 
”Complete Protease Inhibitor” (according to the instructions of the manufacturer, 
Roche Applied Science). The yolk granules were removed by centrifugation of the 
samples (1000 × g, 4°C, 3 min) and the supernatant was collected in a new tube. 
This step was repeated twice. Subsequently, the membranes were pelleted by 
centrifugation (16000 × g, 4°C, 30 min). Finally, the pellet was resuspended in 
homogenization buffer (4 μl/oocyte) and the samples were stored at –20ºC. 
Western Blotting - The total membrane fraction of X. laevis oocytes was 
solubilized in sample buffer and separated on SDS-PAGE gels containing 10% 
acrylamide according to Laemmli [11]. For immunoblotting, the separated 
proteins were transferred to immobilon polyvinylidenedifluoride membranes 
(Milipore, Bedford, MA). The α-subunits of the chimeras and H+,K+-ATPase were 
detected with the polyclonal antibody HKB [12]. The primary antibody was 
detected using an anti-rabbit secondary antibody, which was labeled with 
peroxidase (DAKO A/S, Glostrup Denmark). 
[3H]Ouabain Binding – A total membrane fraction equivalent to 2.5 oocytes 
was incubated at room temperature in 50 mM Tris-acetic acid (pH 7.0), 1 mM 
ATP, 5.0 mM MgCl2 and 250 nM (or 10 nM) [3H]ouabain in a final volume of 50 
μl. After one hour the reaction mixture was chilled for 15 min at 0ºC. The 
ouabain-protein complex was collected by filtration over 0.8 μm membrane filter 
(Schleicher and Schuell, Germany). After washing with ice-cold water twice, the 
filters were analyzed by liquid scintillation analysis. 
ATP Phosphorylation – ATP phosphorylation was carried out as described 
previously [13]. A total membrane fraction equivalent to 0.45 oocyte was 
incubated at room temperature in 50 mM Tris-acetic acid (pH 6.0) and 1.3 mM 
MgCl2 in a volume of 50 μl. After 30-60 min preincubation 10 μl of 0.6 μM [γ-
32P]ATP was added and the reaction mixture was incubated for another 10 s. The 
reaction was stopped by adding 5% (w/v) trichloroacetic acid in 0.1 M phosphoric 
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acid, and the phosphorylated protein was collected by filtration over 0.8 μm 
membrane filter (Schleicher and Schuell). After washing twice, the filters were 
analyzed by liquid scintillation analysis. 
Calculations – Data are presented as mean values with standard error of the 
mean. Differences were tested for significance by means of the Student’s t test.  
Materials – [3H]Ouabain (17 Ci mmol-1) and [γ-32P]ATP (3000 Ci mmol-1) 
were purchased from Amersham Biosciences. 
 
RESULTS 
 
In a previous study we found that a chimera containing the backbone of the 
α-subunit and the complete β-subunit from gastric H+,K+-ATPase and only the 
M3-M4 and M5-M6 hairpins of Na+,K+-ATPase (chimera HN34/56; see Figure 
2.1) bound  
  β1,2 3,4 5,6 7,8 9,10 Ouabain affected
HNN3/56
HNN3
HN34
HN56
HN34/56
HK
NaK
-
+++
-
-
-
+
+++
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Schematic representation of the chimeras and wild-type enzymes. The open bars 
represent H+,K+-ATPase sequences, and the solid bars represent Na+,K+-ATPase sequences. 
HK, H+,K+-ATPase; NaK, Na+,K+-ATPase; HNN3, H+,K+-ATPase with amino acids Met1-IIe293 
replaced by those of Na+,K+-ATPase (Met1-IIe279); HN34, H+,K+-ATPase with amino acids 
IIe293-Leu346 replaced by those of Na+,K+-ATPase (IIe279-Leu332); HN56, H+,K+-ATPase with 
amino acids Leu776-Arg846 replaced by those of Na+,K+-ATPase (Leu762-Arg832); HNN3/56, 
H+,K+-ATPase with amino acids Met1-IIe293 and Leu776-Arg846 replaced by those of Na+,K+-
ATPase (Met1-IIe279 and Leu762-Arg832); HN34/56, H+,K+-ATPase with amino acids IIe293-
Leu346 and Leu776-Arg846 replaced by those of Na+,K+-ATPase (IIe279-Leu332 and Leu762-Arg832). 
The ability (+) or failure (-) of an enzyme to bind ouabain is indicated at the right. Three plusses 
(+++) indicate high-affinity ouabain binding, whereas one plus (+) indicates low-affinity 
ouabain binding.   
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[3H]ouabain with a high affinity [7]. We next constructed a chimera in which both 
the N-terminus until transmembrane segment M3 (N-terminal 279 amino acids) 
and hairpin M5-M6 of H+,K+-ATPase were exchanged by the homologous parts of 
Na+,K+-ATPase (HNN3/56). This chimera possessed no ATPase activity, but 
could still be phosphorylated by ATP. When 1 mM ouabain was present during 
the phosphorylation reaction, the phosphorylation level decreased by almost 40%. 
The phosphorylation levels of chimeras containing either only the N-terminus 
until M3 (HNN3), M3-M4 (HN34), or M5-M6 (HN56) of Na+,K+-ATPase were 
not decreased by the same ouabain concentration. Under conditions that chimera 
HN34/56 bound ouabain, chimera HNN3/56, however, did not. Thus, it can be 
concluded that both chimeras HNN3/56 and HN34/56 interact with ouabain, 
although the affinity for ouabain is much lower for HNN3/56 than for HN34/56. 
The common segment in these two chimeras is Na+,K+-ATPase hairpin M5-M6 
that therefore seems to be crucial for ouabain binding. In the remainder of this 
study we focused on this hairpin and identified the amino acids that are essential 
in ouabain binding. 
 
  M5                 M6
NaK 768 SIAYTLTSNIPEITPFLIFIIANI PLP LGTVTILCIDLGTDMVPAISLAY EQAESDIMKRQPR
HK  784 SIAYTLTKNIPELTPYLIYITVSV PLP LGCITILFIELCTDIFPSVSLAY EKAESDIMHLRPR
*    * *  * **** ** * * * ** ** *      *** 
SI     FF  IANI       TV    CDG   MVAI         QKRQ  
 
 
 
 
Figure 2.2. Amino acid sequence alignments between the M5-M6 region of rat Na+,K+-ATPase 
and rat gastric H+,K+-ATPase α1-subunits. The Na+,K+-ATPase sequence is shown above the 
corresponding H+,K+-ATPase sequence. Amino acid numbers are indicated on the left side. 
Asterisks indicate differences between both sequences. The seven mutants are indicated as SI, 
FF, IANI, TV, CDG, MVAI, and QKRQ.  Note that the QKRQ mutation is outside M5-M6. 
 
Hairpin M5-M6 contains 21 amino acids that differ between Na+,K+-
ATPase and H+,K+-ATPase (Figure 2.2). To identify the essential amino acids in 
hairpin M5-M6, we replaced seven groups of Na+,K+-ATPase residues by their 
H+,K+-ATPase counterparts (Figure 2.2) and measured ouabain binding. These 
seven mutants of chimera HN34/56 were expressed together with the H+,K+-
ATPase β-subunit in X. laevis oocytes. The expression levels of the α-subunits 
were determined by Western blotting of total membranes by using the polyclonal 
antibody HKB that recognizes the M4-M5 loop of the gastric H+,K+-ATPase  α-
subunit [12]. Figure 2.3A shows that the expression levels of most mutated 
chimeras were similar to those of chimera HN34/56. The expression level of 
mutated chimera QKRQ seemed to be somewhat lower. The [3H]ouabain-binding 
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levels of the mutants FF, TV, and CDG (Fig 2.3B), as determined in the presence 
of 1 mM ATP and 250 nM ouabain, were significantly different from that of 
chimera HN34/56 (p<0.05), but not from that of not-injected oocytes  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. [3H]Ouabain binding of HN34/56 mutants.  A: Membranes were blotted and the 
presence of the α-subunit and was detected with antibody HKB [12], that is directed against the 
large intracellular loop of H+,K+-ATPase. B: [3H]Ouabain binding was determined by 
incubating the membranes at room temperature in 5.0 mM MgCl2, 50 mM Tris-acetic acid (pH 
7.0), 1.0 mM ATP, and 250 nM [3H]ouabain. Mean values ± SE of 5-8 enzyme preparations are 
shown. *, Significantly different from HN34/56 (p<0.05). The seven mutants (SI, FF, IANI, TV, 
CDG, MVAI, and QKRQ) are described in Figure 2.2.  
 
(p>0.05). This means that these mutants lost their ability to bind [3H]ouabain 
under these conditions. On the other hand, the [3H]ouabain-binding capacity of 
chimera HN34/56 and the mutants SI, IANI, and MVAI, were similar and much 
higher than those of FF, TV and CDG. Although the [3H]ouabain-binding capacity 
of mutant QKRQ was slightly lower that that of mutants SI, IANI and MVAI, it 
was, related to its lower expression level, not decreased. This indicates that none 
of the latter mutated amino acids are responsible for the ouabain specificity of 
Na+,K+-ATPase. Taken together, these findings suggest that at least three and 
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maximally seven amino acids present in hairpin M5-M6 of Na+,K+-ATPase, and 
absent in gastric H+,K+-ATPase, are important for ouabain binding.  
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Figure 2.4. [3H]Ouabain binding of HN34/56 mutants.  A: Membranes were blotted and the 
presence of the α-subunit and was detected with antibody HKB [12], that is directed against the 
large intracellular loop of H+,K+-ATPase. B: [3H]Ouabain binding was determined by 
incubating the membranes at room temperature in 5.0 mM MgCl2, 50 mM Tris-acetic acid (pH 
7.0), 1.0 mM ATP, and 250 nM [3H]ouabain. Mean values ± SE of 4 enzyme preparations are 
shown. *, Significantly different from HN34/56 (P<0.05).  
 
To assess which of the seven identified amino acids in M5-M6 of Na+,K+-
ATPase are essential for high-affinity ouabain binding, these amino acids of 
chimera HN34/56 were mutated individually into the corresponding H+,K+-
ATPase residue. Western blotting confirmed similar expression patterns of these 
mutants and chimera HN34/56 (Figure 2.4A). To exclude the possibility that a loss 
of ouabain-binding capacity of one of these mutants is due to the impossibility of 
forming a phosphorylated intermediate we tested the phosphorylation capacity of 
these seven mutants. Since all mutants could be phosphorylated by ATP up to a 
similar level (data not shown) the latter possibility could be excluded. Next, the 
 43
Chapter 2   
ouabain-binding level of these mutants was measured. Figure 2.4B shows that the 
[3H]ouabain-binding levels of mutants F783Y, T797C, and D804E were not 
significantly different from those of not-injected oocytes (p>0.05) and 
significantly different from those of chimera HN34/56 (p<0.05), indicating that 
these three amino acids might be involved in ouabain binding. The [3H]ouabain-
binding level of mutant F786Y was lower than that of chimera HN34/56, but still 
higher than that of not-injected oocytes. The ouabain-binding levels of mutants 
V798I, C802F, and G806C were not significantly different from that of chimera 
HN34/56 (p>0.05) and much higher than those of the mutants F783Y, T797C and 
D804E. These experiments suggest that Phe783, Tyr797 and Asp804 are all three 
important for ouabain binding. These “loss of function” experiments, however, do 
not exclude the possibility that mutation of these amino acids indirectly results in 
loss of ouabain-binding capacity without involvement of these residues in direct 
ouabain binding. 
We therefore performed “gain of function” experiments by introducing the 
amino acids Phe783, Thr797, and Asp804 in various combinations into chimera 
HN34. The latter chimera, contains only hairpin M3-M4 of Na+,K+-ATPase and 
does not bind ouabain [7]. Again, Western blotting (Figure 2.5A) and ATP-
phosphorylation experiments (data not shown) confirmed equal expression and 
phosphorylation levels of all tested mutants. [3H]ouabain binding measurements 
demonstrated that under the conditions used none of the double mutants showed a 
[3H]ouabain-binding level significantly higher than that of not-injected oocytes 
(Figure 2.5B). Only the chimera with all three mutations, HN34/FTD, was able to 
bind ouabain. Thus, Phe783, Thr797, and Asp804 are all essential for high-affinity 
ouabain binding.  
The mutations Y783F, C797T, and E804D were also introduced into 
chimera HNN3. Chimeras HNN3/FTD and HNN3/56 did not bind [3H]ouabain 
under our experimental conditions, but the phosphorylation levels of these 
chimeras decreased when 1 mM ouabain was added by 41 % ± 3.5 and 38 % ± 7.8 
(mean ± SE), respectively. This indicates that both chimeras do bind ouabain, 
although with a lower affinity than chimera HN34/FTD.  
In our previous work [7], we demonstrated that the apparent ouabain-
binding affinity of chimera HN34/56 was similar to that of Na+,K+-ATPase. In an 
ouabain-replacement assay (Figure 2.6) we show that the apparent ouabain-
binding affinity of chimera HN34/FTD (0.3 ± 0.1 μM) is also similar to that of 
Na+,K+-ATPase (0.5 ± 0.1 μM) and chimera HN34/56 (0.2 ± 0.1 μM).  
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Figure 2.5. [3H]Ouabain binding of HN34 mutants.  A: Membranes were blotted and the 
presence of the α-subunit was detected with antibody HKB [12], that is directed against the 
large intracellular loop of H+,K+-ATPase. B: [3H]Ouabain binding was determined by 
incubating the membranes at room temperature in 5.0 mM MgCl2, 50 mM Tris-acetic acid (pH 
7.0), 1.0 mM ATP, and 250 nM [3H]ouabain. Mean values ± SE of 3-4 enzyme preparations are 
shown. *, Significantly different from not-injected oocytes (p<0.05). F is mutation Y783F, T is 
mutation C797T, and D is mutation E804D. 
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Figure 2.6. [3H]Ouabain binding to HN34/56, HN34/FTD and rat Na+,K+-ATPase 
R113Q/D124N. [3H]Ouabain binding was determined by incubating the membranes at room 
temperature in 5.0 mM MgCl2, 50 mM Tris-acetic acid (pH 7.0), 1.0 mM ATP, 10 nM 
[3H]ouabain, and varying concentrations of nonradioactive ouabain. The binding of  
[3H]ouabain in the absence of nonradioactive ouabain was set at 100%. , Na+,K+-ATPase; , 
HN34/56; , HN34/FTD. 
 
DISCUSSION 
 
In 1953 Schatzmann [14] demonstrated that cardiac glycosides inhibit 
active transport of Na+ and K+, and a few years later it was shown that this 
transport was caused by the Na+,K+-ATPase [15]. The Na+,K+-ATPase binding 
site for cardiac glycosides (like ouabain) has not been identified yet, but 
knowledge about this site might be crucial for the development of new drugs. In a 
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previous study, we demonstrated that introduction of transmembrane hairpins M3-
M4 and M5-M6 of Na+,K+-ATPase into H+,K+-ATPase resulted in the formation a 
high-affinity ouabain binding site, whereas the introduction of M3-M4 or M5-M6 
alone did not give ouabain binding [7]. In the present study we identified three 
residues (Phe783, Thr797, and Asp804) in M5-M6 of  Na+,K+-ATPase that play a key 
role in ouabain binding.  
Although the catalytic subunits of gastric H+,K+-ATPase and Na+,K+-
ATPase are for 63% identical, they have different inhibitor sensitivities. Ouabain 
inhibits Na+,K+-ATPase activity, but does not inhibit gastric H+,K+-ATPase 
activity. In this study we describe chimeras HNN3/56 and HN34/56 that both 
interact with ouabain. However, [3H]ouabain did bind to HN34/56, but binding to 
HNN3/56 could not be detected under the applied assay conditions. However, the 
phosphorylation level of chimera HNN3/56 could be reduced by ouabain, 
indicating that ouabain interacts with this chimera and probably binds to it with a 
low affinity.  
That chimeras HNN3/56 and HN34/56 both contain transmembrane hairpin 
M5-M6 indicates that this hairpin is essential for ouabain binding. Movement of 
hairpin M5-M6 during the catalytic cycle is important for active ion transport 
[16;17]. Binding of ouabain to this hairpin probably inhibits enzyme activity 
through immobilization of this hairpin. In the present study we used chimera 
HN34/56 as the starting point to determine which amino acids in M5-M6 are 
responsible for ouabain binding. Transmembrane hairpin M5-M6 contains 21 
amino acids that are different in Na+,K+-ATPase and H+,K+-ATPase. 
We started with an H+,K+-ATPase preparation that did not bind ouabain and 
obtained a chimeric enzyme that could be inhibited by ouabain. All amino acids 
present in M5-M6 of HN34/56 were groupwise mutated into their corresponding 
H+,K+-ATPase residues. Three mutants, containing seven mutations (FF, TV, and 
CDG) lost their [3H]ouabain-binding capacity. This suggested that between 3 and 
7 of these mutated amino acids present in hairpin M5-M6 of Na+,K+-ATPase are 
involved in ouabain binding. Individual mutational analysis revealed that only 
mutants F783Y, T797C, and D804E completely lost the ability to bind 
[3H]ouabain. Finally, we introduced the mutations Y783F, C797T and E804D into 
chimera HN34 (HN34/FTD). Whereas chimera HN34 did not bind ouabain, 
chimera HN34/FTD obtained a high-affinity ouabain binding site. The apparent 
affinity of this chimera is similar to that of wild type Na+,K+-ATPase and chimera 
HN34/56. These results revealed that Na+,K+-ATPase residues, Phe783, Thr797, and 
Asp804 are essential for high-affinity ouabain binding. 
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Of these amino acid residues only a role of Thr797 in ouabain binding, has 
been described. Random mutagenesis of sheep Na+,K+-ATPase α1-subunit showed 
that mutants T797N, T797A, and T797V lost their ouabain sensitivity (66-80 fold 
decrease), indicating Thr797 was involved in the interaction with ouabain [18;19]. 
Asano et al. [20] showed that a chimera of Na+,K+-ATPase and H+,K+-ATPase 
that also contained Thr797 obtained ouabain sensitivity, although the apparent 
affinity in the ATPase activity assay was more than 1000-fold lower than that of 
the wild type Na+,K+-ATPase. We confirmed the importance of Thr797 and showed 
that it is one of the amino acids in M5-M6 that is essential for high-affinity 
ouabain binding.  
Phe783 has never been found to be involved in ouabain binding. In contrast, 
such a role had been attributed to Phe786. Mutating Phe786 to Asn or Ile increased 
the resistance with 11- or 19-fold, respectively [4]. We also observed a decreased 
ouabain binding capacity for mutant F786Y (with 250 nM [3H]ouabain in the 
assay), but demonstrated that this amino acid is not directly involved in ouabain 
binding: chimera HN34/FTD does not contain Phe786, but still has a similar high-
affinity ouabain-binding site as the wild type Na+,K+-ATPase and HN34/56 that 
both contain Phe786.  
Mutation of Asp804 of Na+,K+-ATPase into an Ala modifies the cation-
binding pocket, but the resulting mutant is still able to interact with ouabain [21]. 
Together with the present data this indicates that Asp804 is involved in ouabain 
binding, but that it is not essential. It is unclear why mutation of Asp804 in a Glu 
residue, as present in gastric H+,K+-ATPase, completely prevents ouabain binding.  
In figure 2.7 the relative positions of Phe783, Thr797, and Asp804 in 
transmembrane segments M5 and M6 of the Na,K-ATPase α-subunit are given. 
The model was obtained by homology modeling of the Na,K-ATPase amino acid 
sequence into the published E2 structure of sarco(endo)plasmic reticulum Ca2+-
ATPase pump [22] with the Swiss-model [23] suite. The structure of ouabain is 
added to this figure in a position that has been suggested by Middleton et al. [24]. 
This figure shows that indeed Asp804 is buried deep into the membrane, making a 
direct interaction with ouabain less likely.  One has to keep in mind that the 
boundaries to M5 and M6 are not well established, so that the precise size of the 
loop and its length is not known. Ishii and coworkers [8;9] found that the region 
between Ala70 and Asp200 of Na+,K+-ATPase was sufficient for donating ouabain-
binding capacity to Ca2+-ATPase, although the affinity was much less than that of 
the wild type Na+,K+-ATPase. In our previous study [18], we did not observe any 
interaction with ouabain, when this region (Met1-Ile279) was introduced in gastric 
H+,K+-ATPase (HNN3). Here we report that chimera HNN3/FTD interacts with 
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ouabain, although with a low affinity. However, the amino acids in the M5-M6 
region of Ca2+-ATPase are rather different from those of Na+,K+-ATPase and the  
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Figure 2.7 Model of transmembrane segments of Na+,K+-ATPase. The model of Na,K-ATPase 
was obtained by homology modeling [23] with the E2 structure of SERCA ATPase [22]. Only 
transmembrane hairpin M1-M2 (blue), M3-M4 (green), and M5-M6 (yellow) are shown. The 
position of amino acids Phe783, Thr797, and Asp804 in the α-subunit of the sodium pump are 
indicated. The structure of ouabain (purple) was added according to the suggestions of 
Middleton et al. [24] 
 
three amino acids we demonstrated as being important for ouabain binding are not 
present in Ca2+-ATPase.  
The approach chosen by us to identify amino acids that are involved in 
ouabain binding has one disadvantage. The method cannot give information on a 
possible role of amino acids that are similar in Na+,K+-ATPase and gastric H+,K+-
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ATPase.     At the extracellular side of the M5/M6 hairpin there are a few, mainly 
hydrophobic, amino acid residues that might be involved in ouabain binding. One 
of these is Leu793 which is located between two conserved proline residues that are 
likely to be involved in the hairpin turn. This residue was found to be essential for 
ouabain binding by random mutagenesis studies [6].  
Solid-state NMR revealed that the sugar group was only loosely associated 
with the binding site, facing away from the surface of the membrane, whereas the 
steroid group was more constrained, probably because of hydrogen bonding to 
residues around the K+-channel region [24]. These results favor a model for 
inhibition in which ouabain lies across the surface of the Na,K-ATPase α-subunit 
[24]. Combining the NMR solid-state data with our results indicates that the 
steroid group might interact with the Phe783 and Thr797 amino acids of hairpin M5-
M6.  
In conclusion, this study showed that the three amino acids Phe783, Thr797, 
and Asp804 present in transmembrane hairpin M5-M6 of Na+,K+-ATPase are 
essential for high affinity ouabain binding. Future experiments will resolve which 
amino acids of M3-M4 are involved in ouabain binding.  
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Chapter 3 
SUMMARY 
 
Although cardiac glycosides have been used as drugs for more than two 
centuries and their primary target, the sodium pump (Na,K-ATPase), has already 
been known for four decades, their exact binding site is still elusive. In our efforts 
to define the molecular basis of digitalis glycosides binding we started from the 
fact that a closely related enzyme, the gastric H,K-ATPase does not bind 
glycosides, like ouabain. Previously, we showed that a chimera of these two 
enzymes, in which only the M3-M4 and M5-M6 hairpins were of Na,K-ATPase, 
bound ouabain with high affinity (Koenderink et al., 2000, Proc. Natl. Acad. Sci. 
USA 97, 11209). We also demonstrated that only three amino acids (Phe783, Thr797 
and Asp804) present in the M5-M6 hairpin of Na,K-ATPase were sufficient to 
confer high-affinity ouabain binding to a chimera which contained in addition the 
M3-M4 hairpin of Na,K-ATPase (Qiu et al., 2003, J.Biol.Chem. 278, 47240). To 
further pin-point the ouabain-binding site here we used a chimera-based loss-of-
function strategy and identified four amino acids (Glu312, Val314, Ile315, Gly319), all 
present in M4, as being important for ouabain binding. In a final gain-of-function 
study we showed that a gastric H,K-ATPase that contained Glu312, Val314, Ile315, 
Gly319, Phe783, Thr797, and Asp804 of Na,K-ATPase bound ouabain with the same 
affinity as the native enzyme. Based on the E2P crystal structure of Ca2+-ATPase 
we constructed a homology model for the ouabain-binding site of Na,K-ATPase 
involving all seven amino acids as well as several earlier postulated amino acids. 
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INTRODUCTION 
 
Cardiac glycosides, like ouabain, were already used in medicine in the 18th 
century. Nowadays, these drugs are mainly used in the treatment of congestive 
heart failure and arrhythmias. In 1953 Schatzmann [1] found that these cardiac 
glycosides inhibit the active transport of Na+ and K+. A few years later Skou [2] 
found that this cation transport was caused by the Na,K-ATPase. This enzyme 
(also called the sodium pump) is an integral membrane protein found in the cells 
of all higher eukaryotes and is responsible for translocating sodium and potassium 
ions across the cell membrane utilizing ATP as the energy source [3]. Since 1960 
a large number of studies has established that ouabain inhibits Na,K-ATPase by 
binding to a hitherto undefined binding pocket that is accessed from the 
extracellular side. The sodium pump alternates between two conformational states 
(E1 and E2) during the catalytic cycle. Ouabain binds to the phosphorylated E2 
form (E2P) of the enzyme with high affinity [4]. Identifying the amino acid 
residues involved in ouabain binding is important for understanding the molecular 
mechanism by which this drug interacts with and inhibits the activity of Na,K-
ATPase. The localization of the ouabain-binding site on Na,K-ATPase has been 
studied for many years, but the amino acids involved in direct binding are still 
unknown. 
 Since ouabain binds to Na,K-ATPase from the extracellular side, most 
previous studies focused on substituting amino acids in the extracellular loops of 
the enzyme. Price and Lingrel [5;6] found that residues Arg111 and Asp122, which 
lie on the border of the first extracellular loop of the rat α-subunit, were 
responsible for the ouabain-resistant nature of mouse and rat enzymes. Other 
studies demonstrated that mutation of Cys104, Tyr108, Pro118, Asp121, Tyr124, Tyr308, 
Leu330, Ala331, Thr338, Cys367, Cys656, Phe786, Leu793, Thr797, Phe863, Arg880, and 
Phe982 had negative effects on the binding of ouabain to Na,K-ATPase [7;8]. The 
difficulty with most of these studies is that the observed loss of ouabain binding 
can equally well be the result of indirect effects. To address this problem, one can 
perform a gain-of-ouabain-binding experiment by introducing the identified amino 
acids in a closely related enzyme that lacks the capacity to bind ouabain. The 
gastric H,K-ATPase is unable to bind ouabain, but shows a high degree of 
homology to Na,K-ATPase. The catalytic α-subunits of these two P-type ATPase 
are 63% identical in amino acid composition [9]. 
We have made chimeric enzymes between the Na,K-ATPase and H,K-
ATPase in an attempt to identify the residues that are crucial for ouabain binding. 
In a previous study, we demonstrated that replacement of the transmembrane 
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hairpins M3-M4 and M5-M6 in H,K-ATPase by those of Na,K-ATPase results in 
the formation of a high-affinity ouabain-binding site [10]. In a follow-up study we 
showed that a chimera, in which only the M3-M4 hairpin and three amino acids of 
M5-M6 (Phe783, Thr797, and Asp804) originate from Na,K-ATPase, binds ouabain 
with high affinity [11]. However, the M3-M4 hairpin in the latter chimera still 
contains 27 amino acids that are unique for Na,K-ATPase. Here we report a 
gastric H,K-ATPase that gained a high-affinity ouabain-binding site after 
replacing only seven amino acids by their Na,K-ATPase counterparts. By 
homology modeling starting from the E2P crystal structure of Ca2+-ATPase [12] 
we constructed a model for the ouabain-binding pocket in Na,K-ATPase in which 
several of the amino acids, of which a role in ouabain binding has been postulated, 
are shown to play a crucial role in the binding of ouabain.   
 
EXPERIMENTAL PROCEDURES 
 
Construction of Chimeras and Mutants - The chimeras and mutants 
presented in this paper were constructed from the rat Na,K-ATPase α1-subunit 
containing the R111Q and D122N mutations [5;10] and the rat gastric H,K-
ATPase α-subunit [13]. The rat Na,K-ATPase α1- and β1-subunits, the rat gastric 
H,K-ATPase α- and β-subunits and the chimeras were subcloned into the pTLN 
vector, which is suitable for the Xenopus Laevis oocyte expression system [14]. 
Site-directed mutagenesis was used to generate the mutants described in this paper 
(table 3.1). All introduced mutations were verified by sequencing. For clarity 
reasons we used the numbering of the pig Na,K-ATPase, also for residues in parts 
originating from H,K-ATPase.  
Expression, [3H]Ouabain Binding, and ATP Phosphorylation - Oocytes 
were injected with cRNAs and after 3 days the membranes were isolated as 
described previously [11]. For immunoblotting, the α-subunits of H,K-ATPase 
and the chimeras were detected with the polyclonal antibody HKB [15]. 
[3H]Ouabain binding and ATP phosphorylation were carried out as described 
previously [11].  
In previous studies using the baculovirus expression system we determined 
that the maximal ATPase activity at infinite ATP concentrations of Na,K-ATPase 
was 1.8 ± 0.6 μmol / mg / h and that of H,K-ATPase was 1.4 ± 0.1 μmol / mg / h 
[16]. The ATPase activity of chimera HN34/56 was 49% of that of the wild type 
H,K-ATPase at 10 μM ATP, 3 mM KCl and pH 6.0 [10]. The ouabain binding 
level of Na,K-ATPase (QN) was 0.40 ± 0.04 pmol / mg when 1 mM Pi was 
present, whereas that of HN34/56 was 0.20 ± 0.01 pmol / mg when 1 mM ATP 
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was present [10]. The ouabain binding level of H,K-ATPase was only 0.04 ± 0.01 
pmol / mg in the presence of 1 mM Pi or ATP. 
 
 
Na,K-ATPase Glu312 Val314 Ile315 Gly319 Asn324 Phe783 Thr797 Asp804
H,K-ATPase Arg328 Met330 Val331 Ala335 Tyr340 Tyr799 Cys813 Glu820
HN-FTD - - - - - X X X
HN-G-FTD - - - X - X X X
HN-GN-FTD - - - X X X X X
HN-EVIG-FTD X X X X - X X X
HN-EVIGN-FTD X X X X X X X X
HN-EVI-FTD X X X - - X X X
HN-VIG-FTD  X X X - X X X
HN-EIG-FTD X  X X - X X X
HN-EVG-FTD X X - X - X X X
 
Table 3.1. Description of the used mutants. All mutants used in this study have the rat gastric 
H,K-ATPase α-subunit as a backbone and contain the β-subunit of this enzyme. On positions 
indicated with a X the amino acids of H,K-ATPase (second line) are replaced with those of rat 
Na,K-ATPase (first line). 
 
Molecular modeling of ouabain binding ATPases - Sequence alignment of 
Na,K-ATPase (Swissprot accession number P05023) to the newly released crystal 
structure of Ca2+-ATPase in the E2P state [12] (Protein Data Bank ID 1WPG) was 
obtained as described previously and shown in Fig. 7 [17]. The E2P state was 
chosen because of its higher affinity to ouabain. The homology model was built 
with SCWRL [18], while structurally divergent loop regions were copied from 
other Protein Data Bank structures with similar local sequence and geometry. 
Then, molecular dynamics simulations were run in explicit solvent with the 
Yamber2 force field and the associated protocol [19] until the WHAT IF [20] 
quality indicators: Ramachandran plot, backbone conformation and 3D packing 
quality [21], converged. During these simulations, the backbone atoms of aligned 
residues were kept fixed. 
Docking of ouabain - The homology model of Na,K-ATPase was used for 
in silico docking with the FlexX program [22], version 1.13.5 L. FlexX predicts 
the conformations of a set of energetically favorable molecular complexes 
consisting of the ligand bound to the active site of the protein. The complexes are 
labeled with a score that approximates binding energy. Because of the huge size of 
the ATPase model, placement of the ligand was restricted to the previously 
postulated binding pocket on the extra-cellular side of the membrane [11]. Besides 
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an overall pocket, a sub-pocket was defined to include residues known from 
mutation experiments to be important for ligand binding. The use of a sub-pocket 
lets FlexX place the base fragment (the first placed fragment of the ligand) near 
one of the residues in the sub-pocket. The rest of the ligand still has the freedom to 
completely move away from these residues as long as the ligand remains within 
the overall pocket. 
The starting structure for ouabain was obtained from the Cambridge 
Structural Database [23]. Hydrogens were added interactively with Molden 
package [24]. Molden was also used to assign the atom types of the Sybyl force 
field. This assignment was checked by visual inspection. Bond lengths and bond 
angles were optimized with the Sybyl force field. 
FlexX produced a number of protein-ligand complexes, of which the ten 
best scoring ones were inspected visually. These so-called poses showed little 
variation in geometries. The best scoring pose was used for this work. As FlexX 
keeps the protein completely fixed, the amino acid side-chain rotamers could not 
be expected to be optimal, as the homology model was built in absence of 
ouabain. Consequently, the best scoring pose was subjected to an additional 
energy minimization with the NOVA force field [25], which resulted in improved 
hydrogen bonding patterns shown in Figure 3.8. 
Calculations - Data are presented as mean values with standard error of the 
mean. Differences were tested for significance by means of Student’s t test. 
 
RESULTS 
 
 
 
 
 
 
M3                     M4
NaK 277 IAEEIEH FIHLITGVAVFLGVSFFILSLIL EYT WLEAVIFLIGIIVANVPEGL
HK  286 IAIEIEH FVDIIAGLAILFGATFFVVAMCI GYT FLRAMVFFMAIVVAYVPEGL
*      *** * * *** ** ****** * * * ** *** *  *
EIH    LTV  VFLVS   ILSL ILE    WEVI  LIG  IN 
Figure 3.1. Alignment of amino acid sequence between the M3-M4 region of rat Na,K-ATPase 
and rat gastric H,K-ATPase α1-subunits. Amino acid numbers are indicated on the left side. The 
amino acids that differ between the two enzymes are marked with asterisks. The eight mutants 
that incorporate 2-5 amino acids of gastric H,K-ATPase into the HN34/56 chimera [10] are 
indicated by the Na,K-ATPase amino acids they replace: EIH, LTV, VFLVS, ILSL, ILE, 
WEVI, LIG and IN.   
 
Identification of amino acids in M3-M4 that are involved in ouabain 
binding - To identify the amino acids that are essential for ouabain binding in the 
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M3-M4 region, the 27 unique amino acids were replaced with those of H,K-
ATPase after 
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Figure 3.2. [3H]Ouabain binding of HN34/56 mutants.  A: Total membrane proteins from 
oocytes were probed with the antibody, HKB, which specifically reacts with the large 
intracellular loop of the H,K-ATPase α-subunit. B: [3H]Ouabain binding was determined by 
incubating the membranes at room temperature in 5.0 mM MgCl2, 50 mM Tris-acetic acid (pH 
7.0), 1.0 mM ATP, and 250 nM [3H]ouabain. Mean values ± SE of three enzyme preparations 
are shown. *, Significantly different from HN34/56 (p<0.05). The eight mutants (EIH, LTV, 
VFLVS, ILSL, ILE, WEVI, LIG and IN) are described in figure 3.1.  
 
which ouabain binding was measured. In first instance eight mutants (see Figure 
3.1) of chimera HN34/56 were generated and co-expressed with the β-subunit of 
H,K-ATPase in X. laevis oocytes. Western blot analysis of total membrane protein 
using the polyclonal antibody HKB that recognizes the loop between M4 and M5 
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of the gastric H,K-ATPase α-subunit [15], showed that the expression levels of the 
mutants and chimera HN34/56 were virtually the same (Figure 3.2A). Ouabain-
binding experiments were carried out in the presence of 1 mM ATP and 250 nM 
ouabain (Figure 3.2B). The [3H]ouabain-binding levels of the mutants WEVI, 
LIG, and IN were significantly lower than that of chimera HN34/56 (P<0.05), and 
not significantly different from that of not-injected oocytes (p>0.05), indicating 
that these mutants had lost their ability to bind [3H]ouabain. However, the 
[3H]ouabain-binding capacity of the mutants EIH, LTV, VFLVS, ILSL and ILE 
was rather similar to that of chimera HN34/56 (P>0.05). From these findings it 
can be concluded that three to nine amino acids present in transmembrane segment 
M4 of Na,K-ATPase are important for ouabain binding and that residues in the 
M3 segment  do not play a crucial role. 
To assess which of these nine amino acids are required for high-affinity 
ouabain binding, we generated individual mutants of chimera HN34/56, in which 
each of the nine amino acids was replaced by the corresponding residue from 
gastric H,K-ATPase. No major differences in expression levels between the 
mutants and chimera HN34/56 were observed (Figure 3.3A). Figure 3.3B shows 
that the [3H]ouabain-binding levels of mutants G319A and N324Y were 
significantly lower than that of chimera HN34/56 (p<0.05) and not different from 
that of not-injected oocytes (p>0.05), indicating that these two mutants had lost 
their ability to bind ouabain. All mutants could be phosphorylated by ATP, except 
mutant N324Y (data not shown). This lack of phosphorylation is in agreement 
with previous reports showing the importance of this residue in determining the 
cation selectivity and E1/E2 conformational equilibrium [26;27]. Because 
formation of the phosphorylated intermediate is required for high affinity ouabain 
binding we conclude that loss of ouabain binding by N324Y is most likely caused 
by its inability to become phosphorylated. The [3H]ouabain-binding levels of 
mutants E312R, V314M, and I315V were higher than that of not-injected oocytes 
(p<0.05), whereas they were lower (E312R and V314M; p<0.05) or tended to be 
lower (I315V; p<0.08) than that of chimera HN34/56. This indicates that these 
three mutants probably have a reduced ouabain affinity. Altogether, these findings 
suggest that four amino acids Glu312, Val314, Ile315 and Gly319, all present in M4 of 
Na,K-ATPase, are essential for ouabain binding. 
Ouabain binding by a mutated gastric H,K-ATPase - The disadvantage of 
‘loss-of-function’ experiments is that mutation of a certain amino acid can lead to 
a loss of ouabain binding, by an indirect mechanism. In “gain-of-function”  
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Figure 3.3. [3H]Ouabain binding of HN34/56 mutants.  A: Total membrane proteins from 
oocytes were probed with the antibody, HKB, which specifically reacts with the large 
intracellular loop of the H,K-ATPase α-subunit. B: [3H]Ouabain binding was determined by 
incubating the membranes at room temperature in 5.0 mM MgCl2, 50 mM Tris-acetic acid (pH 
7.0), 1.0 mM ATP, and 250 nM [3H]ouabain. Mean values ± SE of four enzyme preparations are 
shown. *, Significantly different from HN34/56 (P<0.05).  
 
experiments these faulty identified amino acids will not be essential for ouabain 
binding and will be deleted from the amino acids identified as essential for 
ouabain binding. In addition, the affinity of the constructs that gained ouabain 
binding indicates if the complete binding site is present. Therefore, we used a 
‘gain-of-function’ experiment in which we introduced the above four amino acids 
together with Asn324 into HN-FTD (HN-EVIGN-FTD, see Table 3.1). The 
importance of Asn324 was tested by including HN-EVIG-FTD in the same 
experiment. HN-FTD itself contains only three amino acids (Phe783, Thr797, and 
 61
Chapter 3 
Asp804) from Na,K-ATPase, of which we previously demonstrated that they were 
sufficient to confer high-affinity ouabain binding to HN34 [11]. The Western blot 
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Figure 3.4. [3H]Ouabain binding of HN-FTD mutants.  A: Total membrane proteins from 
oocytes were probed with the antibody, HKB, which specifically reacts with the large 
intracellular loop of the H,K-ATPase α-subunit. B: [3H]Ouabain binding was determined by 
incubating the membranes at room temperature in 5.0 mM MgCl2, 50 mM Tris-acetic acid (pH 
7.0), 1.0 mM ATP, and 250 nM [3H]ouabain. Mean values ± SE of three to four enzyme 
preparations are shown. *, Significantly different from not-injected oocytes (p<0.05). The 
mutants are described in Table 3.1. 
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presented in Figure 3.4A shows equal expression of HN34/56, HN-FTD, HN-
EVIGN-FTD and HN-EVIG-FTD. Ouabain bound similarly to both HN-EVIGN-
FTD and HN-EVIG-FTD, indicating that Asn324 is not required for ouabain  
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Figure 3.5. [3H]Ouabain binding of HN-FTD mutants.  A: Total membrane proteins from 
oocytes were probed with the antibody, HKB, which specifically reacts with the large 
intracellular loop of the H,K-ATPase α-subunit. B: [3H]Ouabain binding was determined by 
incubating the membranes at room temperature in 5.0 mM MgCl2, 50 mM Tris-acetic acid (pH 
7.0), 1.0 mM ATP, and 250 nM [3H]ouabain. Mean values ± SE of three to four enzyme 
preparations are shown. *, Significantly different from not-injected oocytes (p<0.05). The 
mutants are described in Table 3.1. 
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binding and confirming the importance of the other four amino acids identified in 
the loss-of-function analysis. Although replacement of Gly319 in HN34/56 
(G319A) caused complete loss of ouabain binding (Figure 3.3B), its introduction 
in HN-FTD (HN-G-FTD) did not result in any increase in ouabain binding (Figure 
3.4B). Similarly, introduction in HN-FTD of the three amino acids, which upon 
individual replacement in HN34/56 caused only partial reduction in ouabain 
binding (Figure 3.3B; HN-EVI-FTD) did not confer ouabain-binding capacity to 
this chimera. Based on these findings it can be concluded that a combination of 
Gly319 and one or more of the three other amino acids (Glu312, Val314, Ile315) is 
required for ouabain binding. To test this idea we generated HN-VIG-FTD, HN-
EIG-FTD, and HN-EVG-FTD and determined their ouabain-binding capacity 
(Figure 3.5). All three mutants were readily expressed (Figure 3.5A) but none of 
them showed significant ouabain binding (Figure 3.5B). This result clearly 
demonstrates that Glu312, Val314, Ile315, and Gly319 are all four required to confer 
ouabain-binding capacity to HN-FTD. Taken together our work shows that 
replacement of only seven amino acids in gastric H,K-ATPase by their Na,K-
ATPase counterparts lends ouabain sensitivity to the enzyme. 
Finally, the ouabain affinity of this modified H,K-ATPase (HN-EVIG-FTD) 
was compared with that of chimera HN34/56 and Na,K-ATPase (Figure 3.6). In 
this assay, which was performed in the presence of 1 mM ATP and 100 mM NaCl, 
the apparent ouabain affinities for Na,K-ATPase (0.2 ± 0.1 μM), HN34/56 (0.5 ± 
0.1 μM), and HN-EVIG-FTD (0.5 ± 0.1 μM) were not significantly different 
(p>0.05), confirming that only seven amino acids of Na,K-ATPase can confer 
high-affinity ouabain binding to gastric H,K-ATPase.  
Homology model of the ouabain binding site -  We used two homology 
models of the α1-subunit of Na,K-ATPase to dock ouabain into its putative 
binding site using FlexX [22]. The first model, built from Ca2+-ATPase in the E2 
conformation (Protein Data Bank 1IWO), did not yield a high-scoring solution, 
most likely because the binding cleft was too narrow. The 1IWO is a Ca2+-
unbound form that is stabilized by the inhibitor thapsigargin (E2). The 1WPG 
structure is also a Ca2+-unbound form, but contains Mg2+ next to a bound 
phosphate analogue, MgF42- and is stabilized with thapsigargin. The structure 
represents the E2Pi state, just after the hydrolysis of the aspartyl phosphate but 
before the release of phosphate from the ATPase. The second model was based on 
this newly released structure of Ca2+-ATPase (Protein Data Bank 1WPG) [12]. In 
this model, helix M4 was tilted outward leading to a widening of the binding cleft 
and resulting in a docked complex with a significant FlexX score of 4.053. While  
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Figure 3.6. [3H]Ouabain binding to HN34/56, HN-EVIG-FTD and rat Na,K-ATPase 
R113Q/D124N. [3H]Ouabain binding was determined by incubating the membranes at room 
temperature in 5.0 mM MgCl2, 50 mM Tris-acetic acid (pH 7.0), 1.0 mM ATP, 10 nM 
[3H]ouabain, and varying concentrations of nonradioactive ouabain. The binding of [3H]ouabain 
in the absence of nonradioactive ouabain was set at 100%., Na,K-ATPase; , HN34/56; , 
HN-EVIG-FTD (described in Table 3.1). 
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docking to homology models is a difficult task, the docked complex fitted well to 
the experimental data (Figure 3.7 and 3.8). Five of the seven essential residues 
(Glu312, Val314, Ile315, Gly319, and Thr797) were in direct proximity of ouabain 
(closer than 5 Å) forming for example hydrogen bonds (Glu312 and Thr797) or 
hydrophobic contacts (Ile315). The remaining two amino acids (Phe783 and Asp804) 
were providing structural support. The docked complex identified a number of 
additional residues involved in ouabain binding: Gln111 and Asn122 between helices 
M1 and M2 [5], Thr309 at the border of M4 and Thr799 in M6. Because these amino 
acids are conserved between Na,K-ATPase (of ouabain-sensitive species) and 
gastric H,K-ATPase they did not show up in our experiments. 
 
 
 
Figure 3.7. The seed alignment of Na,K-ATPase (SwissProt P05024) and Ca2+-ATPase 
(P04191) used to build the homology model depicted in Figure 8. Only the ten transmembrane 
helices and connecting loops are shown here, with circles marking the seven amino acids 
transfered to H,K-ATPase. Minus signs '-' in the Ca2+-ATPase sequence indicate those loop 
residues that could not be modeled by homology due to structural divergence. The loop 
modeling procedure considered secondary structure predictions, which lead to a C-terminal 
extension of helix 7 and an N-terminal extension of helix 8. 
 
DISCUSSION 
 
Na,K-ATPase and gastric H,K-ATPase belong to the IIC subfamily of the 
cation transport (P-type) ATPases. Although their α-subunits share 63% homology 
in amino acid sequence both enzymes differ in ion selectivity, subcellular 
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localization and pharmacological profile. As far as the sensitivity to drugs is 
concerned, Na,K-ATPase is specifically inhibited by ouabain and related cardiac 
glycosides. Ouabain binds from the extracellular side but the exact location of the 
binding site is still unknown. In previous studies, we first narrowed down this site 
to transmembrane hairpins M3-M4 and M5-M6 [10], after which we identified 
three residues (Phe783, Thr797, and Asp804) in M5-M6 that play a key role in 
ouabain binding [11]. In the present study, we used our chimera-based loss-of-
function approach to identify another four residues (Glu312, Val314, Ile315, Gly319) in  
 
 
 
Figure 3.8. Molecular model of the ouabain binding site in Na,K-ATPase. Nitrogen is colored 
blue, oxygen red, and carbon cyan or green (in ouabain). Hydrogen bonds are shown as yellow 
disks. Surrounding parts of the structure have been hidden for clarity. Images were created with 
YASARA (www.yasara.org). 
 
the M3-M4 hairpin of Na,K-ATPase. To confirm the importance of the identified 
amino acids for ouabain binding, we performed a gain-of-function experiment 
showing that a H,K-ATPase mutant with seven residues from Na,K-ATPase binds 
ouabain with the same affinity as the native enzyme. Because ouabain is a highly 
specific inhibitor of Na,K-ATPase that binds preferentially to the phosphorylated 
intermediate it is in our opinion very unlikely that a newly constructed ouabain 
binding site has been generated that binds ouabain with the same affinity as the 
parent Na,K-ATPase. 
Interactions between M3-M4 and the sugar moiety of ouabain -  In our 
docking model, Thr309 and Glu312, which are present in M4, form hydrogen bridges 
with hydroxyl groups of the sugar moiety of ouabain. Thr309 was not identified 
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with our loss-of-function strategy because it is also present in gastric H,K-
ATPase. Canessa et al. [28] reported that Tyr308 played a critical role in ouabain 
binding. In our model this residue is close to, but not in direct contact with 
ouabain. Our docking model is in agreement with previous work pointing to an 
important role for the second extracellular loop in ouabain binding. Already in 
1985 Shull et al. [29] reported that only this loop displayed all the requirements 
for ouabain binding: relatively hydrophobic, shielded from water and close to a 
Trp residue [30]. A few years later it was shown that the p-aminobenzyldiazonio-
derivative of ouabain, in which the reactive substituent was bound to the 
rhamnosyl residue of ouabain, labeled Trp310 [31]. Similarly, it was shown that 
photosensitive 12-azido 3β-digitoxoside complexed with Trp310-Ala313 [32], 
whereas antibody M45-80, which recognizes the E307YTWLE sequence, was 
found to enhance the rate of ouabain binding [33;34]. 
Interactions between M4 and M1-M2 and the steroid body of ouabain -  In 
our docking model, Ile315, which is present in M4, is in close proximity to the 
steroid body of ouabain and has a hydrophobic interaction. In contrast, Val314 is 
located on the wrong site of the helical wheel and can therefore not have a direct 
interaction with ouabain. Most probably, replacement of Val314 with its H,K-
ATPase counterpart Met has a negative structural effect on the ouabain-binding 
pocket. The same holds true for Gly319, which also has no direct interaction with 
ouabain in our model. The importance of this residue is also shown by the work of 
Horisberger et al. [35] who found that replacement of this residue with a Cys 
resulted in a marked decrease in transport activity. Other amino acids present in 
M4 that have been implicated in ouabain binding are Leu330, Ala331, and Thr338 [7]. 
However, these amino acids are located at the inner interface between membrane 
and cytosol and are therefore not in direct contact with the ouabain molecule. This 
part of M4 is completely conserved between Na,K-ATPase and H,K-ATPase 
suggesting an important role in enzyme functioning. Thus, mutations in this part 
of M4 may affect ouabain binding indirectly through alterations in enzyme activity 
or conformational equilibrium. 
Numerous studies have demonstrated the importance of Gln111 and Asn122 
(first extracellular loop between M1 and M2) for high-affinity ouabain binding 
[5;6;10]. These residues are also present in rat gastric H,K-ATPase. In our docking 
complex these residues form hydrogen bridges with the hydroxyl groups on the 
positions 1 and 11 of the steroid body of ouabain. Our docking model is supported 
by previous work showing that these two residues do not bind the sugar moiety 
[36]. In helveticoside the hydroxyl groups at position 1 and 11 are deleted. In 
addition the hydroxyl group at position 19 is replaced by a keto group and the 
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rhamnose group is replaced by a single digitoxose group. The binding affinity of 
this drug is approximately 40 times lower than that of ouabain [37], which fits 
with our model. In addition to Gln111 and Asn122, mutagenesis studies have 
implicated Cys104 (M1), which is also present in gastric H,K-ATPase, in ouabain 
binding [38-40]. In agreement with these mutagenesis studies, the digoxigenin 
derivative N-hydroxysuccinimidyl digoxigenin-3-O-methylcarbonyl-epsilon-
aminocaproate was found to form a thio-ester bond with this residue [41], whereas 
its replacement had differential effects on the sensitivity of the enzyme to digoxin 
and digitoxin [42]. In our docking model, however, Cys104 does not interact 
directly with ouabain. The same holds true for Tyr108, which is in close proximity 
to the steroid body of ouabain and has been shown to contribute to the ouabain 
affinity of the enzyme [38;40]. Other amino acids in the first extracellular loop 
have also been implicated in ouabain binding. Glu116, Pro118, and Asp121 are 
located between key residues Gln111 and Asn122, and it is therefore not surprising 
that they were shown to influence ouabain binding [7;8]. In the ouabain-binding 
chimera HN-EVIG-FTD, however, Glu116 and Pro118 are not present. Recently, 
Crambert et al. [43] found that Thr114, Gln119, Ile874, and Gln898 were involved in 
the access and release of ouabain to and from its binding site. Our docking model 
is compatible with this putative role of Thr114 and Gln119 in the process of ouabain 
binding. Ile874 and Gln898 are located in the fourth extracellular loop between M7 
and M8 that interacts with the β-subunit. Our homology model does not include a 
β-subunit and is therefore not suitable to predict the location of these two amino 
acids. 
Interactions between M5-M6 and the lactone ring of ouabain -  The 
carbonyl oxygen of the lactone ring forms a hydrogen bridge with the hydroxyl 
group of Thr799, which is present in the third extracellular loop between M5 and 
M6. Such a bridge is also formed between the oxygen of the lactone ring and the 
backbone nitrogens of residues Thr797 and Val798. In agreement with the present 
study, previous work demonstrated the importance of Thr797 for ouabain binding 
[44;45]. Similarly, Leu793, which in our model is very close to ouabain, has been 
found to influence ouabain binding [13;46]. Phe783 points toward ouabain but is 
too far away to interact directly with this molecule. Most probably its replacement 
with a Tyr indirectly disturbs the ouabain-binding site. As discussed already in our 
previous paper [11] Asp804 (M6) affects ouabain binding indirectly through its 
effects on cation binding. Phe786, whose replacement with an Asn or an Ile was 
also found to result in a decrease in ouabain affinity [46], is located in the third 
extracellular loop just outside M5. However, in our docking model this residue 
does not interact with ouabain. 
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Role of C-terminal amino acids in ouabain binding -  Several amino acids at 
the C-terminal end of the α-subunit have been implicated in ouabain binding. 
Replacement of Phe863 with a Leu [46], Arg880 with a Pro or Leu [38;40], and 
Phe982 with a Ser [7] all resulted in a decrease in ouabain affinity. Phe863 and 
Phe982 are located in M7 and M10, respectively, and according to our docking 
model these amino acids are far away from the actual ouabain-binding site. 
Although Arg880 is also not very close to the ouabain-binding site, it may interact 
with ouabain because the position of the fourth extracellular loop that interacts 
with the β-subunit is still very uncertain. 
Mechanism of ouabain inhibition - Paula et al. [37] found that substitution 
of the five-membered lactone by a six-membered lactone caused a decrease in 
binding affinity and an increase in inhibitory potency, whereas removal of the 
sugar moiety of ouabain caused a dramatic decrease in binding affinity but had 
little effect on inhibitory potency [37]. These findings are in agreement with our 
docking model, in which the lactone ring is buried deep inside the lipid bilayer, 
whereas the rhamnose is located more superficially. A plausible mechanism for 
Na,K-ATPase inhibition is digitalis-mediated paralysis of M5-M6 loop movement 
[46]. After binding of ouabain to the first extracellular loop and M4, it exerts its 
inhibitory activity by interacting with the M5-M6 loop that is involved in cation 
binding, thus restricting its flexibility. This mechanism might also be the basis for 
the K+-ouabain antagonism. 
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SUMMARY 
  
 P-type ATPases of the IIC subfamily exhibit large differences in sensitivity 
towards ouabain. This allows a strategy in which ouabain-insensitive members of 
this subfamily are used as template for mutational elucidation of the ouabain-
binding site. With this strategy, we recently identified seven amino acids in Na,K-
ATPase that conferred high-affinity ouabain-binding to gastric H,K-ATPase (Qiu 
et al, J. Biol. Chem. 280 (2005) 32349-55). Because important, but identical, 
amino acids were not recognized in that study, here we used the non-gastric H,K-
ATPase that is rather ouabain-insensitive, as template. The catalytic subunit of this 
enzyme in which several amino acids from Na,K-ATPase were incorporated, was 
expressed with the Na,K-ATPase β1 subunit in Xenopus laevis oocytes. A 
chimera containing 14 amino acids, located in M4, M5, and M6, which are unique 
to Na,K-ATPase displayed high-affinity ouabain binding. Four of these residues, 
all located in M5, appeared dispensable for high-affinity binding. Individual 
mutation of the remaining ten residues to their non-gastric H,K-ATPase 
counterparts yielded five amino acids (Glu312, Gly319, Pro778, Leu795, and Cys802) 
whose mutation resulted in a loss of ouabain binding. In a final gain-of-function 
experiment, we introduced these five amino acids in different combinations in 
non-gastric H,K-ATPase and demonstrated that all five were essential for high-
affinity ouabain binding. The non-gastric H,K-ATPase with these five mutations 
had a similar apparent affinity for ouabain as the wild type Na,K-ATPase and 
showed a 2000 times increased affinity for ouabain in the NH4+-stimulated 
ATPase activity in membranes of transfected Sf9 cells.  
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INTRODUCTION 
 
 Non-gastric H,K-ATPase is a member of the IIC subfamily of P-type 
ATPases. This subfamily includes two other members: Na,K-ATPase and gastric 
H,K-ATPase, that both transport K+ in exchange for either Na+ (Na,K-ATPase) or 
H+ ions (gastric H,K-ATPase) [1]. All three enzymes are heterodimers, composed 
of a catalytic α-subunit that spans the membrane ten times and a glycosylated β-
subunit that crosses the membrane once. The members of this subfamily (also 
called X,K-ATPases) exhibit a high level of sequence homology (65% amino acid 
identity) between their α-subunits. 
 To date, α2-subunits of non-gastric H,K-ATPase have been described in five 
different species: human [2], rat [3], guinea pig [4], rabbit [5] and Bufo [6]. No 
specific β-subunit for the non-gastric H,K-ATPase has been found.  Most studies 
support the idea that the β1 subunit of Na,K-ATPase fulfills this function [7-10]. 
 Ouabain, a cardiac glycoside, specifically inhibits the Na,K-ATPase activity 
and binds to the α-subunit [11]. Ouabain binds from the extracellular side, so that 
the extracellularly located parts of this subunit are putative candidates for ouabain 
binding. Two polar amino acids (Gln111 and Asn122) located at the extracellular 
border of the M1/M2 hairpin have been established to be important for high-
affinity binding to Na,K-ATPase, since mutation of these amino acids into 
charged residues, as present in rat and mouse, lowers the ouabain affinity 
considerably [12]. These two polar amino acids are present in both gastric and 
non-gastric H,K-ATPase of the rat. We previously demonstrated that the 
introduction of the transmembrane hairpins M3-M4 and M5-M6 of Na,K-ATPase 
into a backbone of gastric H,K-ATPase results in the formation of a high-affinity 
ouabain binding site [13]. In follow-up studies we showed that a gastric H,K-
ATPase in which only seven amino acids were replaced by their counterparts from 
Na,K-ATPase bound ouabain with the same affinity as native Na,K-ATPase 
[14;15]. These residues (Glu312, Val314, Ile315, Gly319, Phe783, Thr797, and Asp804) 
are all present in the extracellularly located parts of M4, M5, and M6 of Na,K-
ATPase. 
 The above-mentioned method cannot detect amino acid residues that are 
important for ouabain binding if these residues are similar in Na,K-ATPase and 
gastric H,K-ATPase. Whereas the gastric H,K-ATPase activity is not at all 
inhibited by ouabain, the non-gastric H,K-ATPase activity can be inhibited by 
relatively high ouabain concentrations [4;10;16] Apparently, the binding pocket 
for ouabain in non-gastric H,K-ATPase contains elements that are not suited for 
optimal ouabain binding. We therefore decided to use the non-gastric H,K-ATPase 
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as a template in order to introduce dissimilar amino acids from Na,K-ATPase. 
This could also give an answer to the question why the affinity of the non-gastric 
H,K-ATPase for ouabain is so low. Because of the results obtained with the 
gastric H,K-ATPase (see above), we decided to restrict ourselves to the amino 
acids present in the extracellularly located parts of M4, M5, and M6.  
 In this study we found that a chimera with non-gastric H,K-ATPase as 
template and containing large parts of the M4, M5, and M6 membrane segments 
from Na,K-ATPase, could bind ouabain with high affinity. In this chimera 14 
amino acids were unique to Na,K-ATPase, but only ten of these were shown to be 
needed for high-affinity ouabain binding. By a systematic series of mutations we 
could reduce this number to five amino acid residues (Glu312, Gly319, Pro778, 
Leu795, and Cys802) without loosing high-affinity ouabain binding. This finding 
enlarges our knowledge on the ouabain-binding site in Na,K-ATPase and explains 
why the non-gastric H,K-ATPase has a low-affinity for this drug.  
 
EXPERIMENTAL PROCEDURES 
 
 Construction of Chimeras and Mutants – The chimeras and mutants were 
constructed from the rat Na,K-ATPase α1-subunit containing the R111Q and 
D122N mutations [12;13]  and the rat non-gastric H,K-ATPase α2-subunit [10]. 
The rat Na,K-ATPase α1- and β1-subunits were cloned into the pTLN vector as 
described earlier [17]. This vector is suitable for the Xenopus laevis oocyte 
expression system [18]. The cDNA of the rat non-gastric H,K-ATPase α2-subunit, 
a gift of Dr. H. Binder [19] was cloned with AvaII and EcoRV in the pTLN 
vector. Site-directed mutagenesis was used to generate the mutants described in 
this paper. All introduced mutations were verified by sequencing. For clarity 
reasons we used the numbering of the pig Na,K-ATPase, also for residues in parts 
originating from H,K-ATPase.  
 The generation of the pFD vector containing the α2-subunit of rat non-
gastric H,K-ATPase and the β1-subunit of rat Na,K-ATPase (pFD-HKα2-NaKβ1) 
that is suited for the baculovirus expression system, has been reported before [10]. 
The pFD vector containing the non gastric H,K-ATPase α2-subunit with the five 
mutations (D312E, S319G, A778P, I795L, and F802C) was generated from the 
similar pTLN vector by cloning the AatII-EcoRI fragment in the pFD-HKα2-
NaKβ1 construct. 
 Expression in X. laevis oocytes – X. laevis were sacrificed and parts from 
ovaries were removed. Oocytes were separated by incubation for 2 h in modified 
Ringer’s solution (90 mM NaCl, 2 mM KCl, 2 mM CaCl2, 5 mM MOPS, pH 7.4, 
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30 units/l penicillin and 30 mg/l streptomycin) containing 2 mg/ml collagenase A. 
Prophase-arrested oocytes of stage V and VI were selected for injection of cRNA. 
cRNA synthesis was carried out with the SP6-mMessage Machine kit (Ambion, 
Austin, TX); as a template the MluI-linearized pTLN vector was used. For the 
expression of the α- and β-subunits, oocytes were injected with 10 ng and 2 ng of 
the corresponding cRNAs, respectively. After injection, the oocytes were 
incubated for 3 days at 18˚C in modified Ringer’s solution [17]. 
 Preparation of Total Membranes – Oocytes were disrupted by passing them 
± 20 times through a standard 200 μl Gilson pipette in homogenization buffer (10 
μl/ oocyt; 250 mM sucrose, 0.5 mM EDTA, 5 mM Tris/HCl (pH 7.4), and 
”Complete Protease Inhibitor” (according to the instructions of the manufacturer, 
Roche, Diagnostics). The yolk granules were removed by centrifugation of the 
samples (1000 × g, 4°C, 3 min) and the supernatant was collected. This step was 
repeated twice. Subsequently, the membranes were pelleted by centrifugation 
(16000 × g, 4°C, 30 min). Finally, the pellet was resuspended in homogenization 
buffer (3 μl/oocyte) and the samples were stored at –20ºC. 
Generation of recombinant viruses-The pFD vectors containing the 
different cDNAs were transformed to competent DH10bac Escherichia coli cells 
(Invitrogen) harboring the baculovirus genome (bacmid) and a transposition helper 
vector. Upon transposition between the Tn7 sites in the transfer vector and the 
bacmid, recombinant bacmids were selected and isolated [20]. Subsequently, 
insect Sf9 cells were transfected with recombinant bacmids using Cellfectin 
reagent (Invitrogen). After a three-day incubation period, recombinant 
baculoviruses were isolated and used to infect Sf9 cells at a multiplicity of 
infection of 0.1. Four days after infection, the amplified viruses were harvested. 
Preparation of Sf9 membranes-Sf9 cells were grown at 27°C in 100-ml 
spinner flask cultures as described by Klaassen et al. [21]. For production of H,K-
ATPase, 1.5.106 cells.ml-1 were infected at a multiplicity of infection of 1-3 in the 
presence of 1% (v/v) ethanol [22] and 0.1% (w/v) pluronic F-68 (ICN, Aurora, 
OH) in Xpress medium (Biowittaker, Walkersville, MD) as described previously 
[23]. After 3 days, Sf9 cells were harvested by centrifugation at 2,000 x g for 5 
min. The cells were washed once at 0°C with 0.25 M sucrose, 2 mM EDTA, and 
25 mM Hepes/Tris (pH 7.0), resuspended in sucrose/EDTA/Tris buffer and 
sonicated at 60W (Branson Power Company, Denbury, CT) for 30 s at 0°C. After 
centrifugation for 30 min at 10,000 x g the supernatant was collected and 
recentrifuged for 60 min at 100,000 x g at 4°C. The pelleted membranes were 
resuspended in the above-mentioned buffer and stored at _20°C. 
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Protein determination-The protein concentrations were quantified with the 
modified Lowry method according to Peterson [24] using bovine serum albumin 
as a standard. 
Western Blotting - The total membrane fraction of X. laevis oocytes was 
solubilized in sample buffer and separated on SDS-PAGE gels containing 10% 
acrylamide according to Laemmli [25]. For immunoblotting, the separated 
proteins were transferred to Immobilon-P membranes (Milipore, Co., Bedford, 
MA). The α-subunits of non-gastric H,K-ATPase and the various chimeras were 
detected with the polyclonal antibody C384-M79 that recognizes the Glu528–
Met554 region of the rat non-gastric H,K-ATPase α2-subunit [10]. The primary 
antibody was detected using an anti-rabbit secondary antibody, which was labeled 
with peroxidase (DAKO A/S, Glostrup Denmark). 
[3H]Ouabain Binding – A total membrane fraction equivalent to 3.3 oocytes 
was incubated at room temperature in 50 mM Tris-acetic acid (pH 7.0), 1 mM 
ATP, 5.0 mM MgCl2, 250 nM (or 25 nM) [3H]ouabain and either 1 mM ATP or 1 
mM H3PO4 at a final volume of 50 μl. After one hour the reaction mixture was 
chilled for 15 min on ice. The ouabain-protein complex was collected by filtration 
over a 0.8 μm membrane filter (Schleicher and Schuell, Dassel, Germany). After 
washing twice with ice-cold water, radioactivity was analyzed by liquid 
scintillation analysis. 
ATPase assay-The ATPase activity was determined using a radiochemical 
method [26]. For this purpose, 5 μg of Sf9 membranes were added to 100 µl of 
medium containing 2 mM Mg-[γ-32P]-ATP, 10 mM NH4Cl, 0.8 mM MgCl2, 0.1 
mM EGTA, 0.2 mM EDTA, 1 mM TrisN3, 50 mM Tris-HCl (pH 7.0), and 
concentrations of  ouabain as indicated.  After incubation for 30 min at 37°C, the 
reaction was stopped by adding 500 µl 10% (w/v) charcoal in 6% (v/v) 
trichloroacetic acid and after 10 min at 0°C the mixture was centrifuged for 10 s at 
10,000 x g. To 0.15 ml of the clear supernatant, containing the liberated inorganic 
phosphate (32Pi), 3 ml OptiFluor (Canberra Packard, Tilburg, The Netherlands) 
was added and the mixture was analyzed by liquid scintillation analysis. In 
general, blanks were prepared by incubating in the absence of membranes. 
ATPase activity is presented as the difference in activity between membranes of 
HKα2-expressing cells and mock-infected cells. 
Calculations – Data are presented as mean values with standard error of the 
mean. Differences were tested for significance by means of Student’s t test. IC50 
values were determined by analyzing the plots using the non-linear curve-fitting 
program (Hill equation function) of Orgin 6.1 (OriginLab Corp., Northhampton, 
MA). 
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Materials – [3H]Ouabain (17 Ci mmol-1) and [γ-32P]ATP (3000 Ci mmol-1) 
were purchased from Amersham Biosciences (Buckinghamshire, UK). 
 
RESULTS 
 
NaK
HKα2 VHIVAGVAVSIDIIFFITAVCM KYY VLDAIIFLISIIVANVPEGLLATVT 
IAYTLTSNIPEITPFLIFIIANI PLP LGTVTILCIDLGTDMVPAISL  
IAYTLTKNIAELCPFLIYIVAGL PLP IGTITILFIDLGTDIIPSIAL  
IHLITGVAVFLGVSFFILSLIL EYT WLEAVIFLIGIIVANVPEGLLATVT 
NaK
HKα2
M3
M5 M6
M4
Mutation A
Mutation B Mutation C Mutation D
285
788
304
769
*   *   *   *         *
*     * *   *   * * *     *        * 
 
 
Figure 4.1. Amino acid sequence alignments in the M3-M4 and M5-M6 regions of rat Na,K-
ATPase and rat non-gastric H,K-ATPase α1-subunits. Amino acid numbers are indicated on the 
left side. Asterisks indicate differences between the sequences. The four mutants that include 2-
5 amino acids of Na,K-ATPase (NaK)  into non-gastric H,K-ATPase (HKα2) are indicated as 
Mutation A, Mutation B, Mutation C and Mutation D, respectively. 
 
Very recently we showed that substitution of seven unique amino acids 
present in extracellularly located parts of transmembrane segments M4, M5, and 
M6 of the α2-subunit of the rat gastric H,K-ATPase by the corresponding amino 
acids of the α1-subunit of rat Na,K-ATPase (Glu312, Val314, Ile315, Gly319, Phe783, 
Thr797, and Asp804) results in a high-affinity ouabain-binding site in the gastric 
H,K-ATPase [15]. In the present study we use the non-gastric H,K-ATPase that 
has a low affinity for ouabain, to investigate the binding site in more detail. Since 
the seven amino acids mentioned above are all located in the M4, M5, and M6 
regions that can be reached from the extracellular space, only amino acid residues 
located in this region were chosen for further investigation. The extracellularly 
located parts of M4, M5, and M6 contain 14 amino acids that are different 
between Na,K-ATPase and non-gastric H,K-ATPase (Figure 4.1). To identify the 
amino acids in this region that are important for ouabain binding, the rat non-
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gastric H,K-ATPase residues were replaced by their rat Na,K-ATPase 
counterparts. Different combinations of these mutations were made (Table 1), and 
 
constructs                         Mutations 
Mutation A 
Mutation B     
Mutation C 
Mutation D 
Mutant 1 
Mutant 2 
Mutant 3 
Mutant 4 
Mutant 5 
Y309T-V310W-D312E-I314V-S319G 
A778P-C781T 
Y786F-V788I-G790N-L791I 
I795L-I798V-F802C 
A+B+C 
A+B+D 
A+C+D 
B+C+D 
A+B+C+D 
 
Table 4.1. Description of the used mutants. The mutants used in this study have the rat non-
gastric H,K-ATPase α2-subunit as a backbone and contain the β1-subunit of rat Na,K-ATPase.  
 
expressed together with the rat Na,K-ATPase β1-subunit in X. laevis oocytes, 
whereupon ouabain binding was measured. The polyclonal antibody C384-M79 
that recognizes the Glu528-Met554 region of the rat non-gastric H,K-ATPase α2-
subunit [10] was used to determine the expression levels in the total membrane 
proteins on a Western blot. Figure 4.2A shows that the expression level of each of 
the mutants was rather similar to that of the recombinant non-gastric H,K-ATPase. 
[3H]ouabain-binding levels were determined in the presence of either 1 mM ATP 
or 1 mM Pi in order to obtain the phosphorylated intermediate E2-P, which is 
optimal for ouabain binding. We previously found that ouabain binding to Na,K-
ATPase results in a higher level when phosphorylation was carried out with Pi, 
whereas phosphorylation of a chimera between Na,K-ATPase and gastric H,K-
ATPase (HN34/56) only occurs when phosphorylation is carried out with ATP. 
Studies with vanadate indicate that the latter chimera is mainly in the E1-form, 
whereas the wild-type enzyme in mainly in the E2-form. 
 The [3H]ouabain-binding levels of mutants 2 (= mutations A+B+D) and 5 
(= mutations A+B+C+D) (Figure 4.2B and 4.2C), as determined with 250 nM 
ouabain in the presence of either 1 mM ATP or 1mM Pi, were significantly higher 
than that of the recombinant non-gastric H,K-ATPase wild type (p<0.05). This 
shows that the mutations A, B, and D together are sufficient for gaining the ability 
to bind ouabain with a high affinity. The [3H]ouabain-binding levels of mutants 1, 
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Figure 4.2. [3H]Ouabain binding of non-gastric H,K-ATPase mutants. A: Total membrane 
proteins from oocytes were detected with antibody C384-M79, which recognizes the Glu528-
Met554 region of the rat non-gastric H,K-ATPase α2-subunit. B: [3H]Ouabain binding was 
determined by incubating the membranes at room temperature in 5.0 mM MgCl2, 50 mM Tris-
acetic acid (pH 7.0), 1.0 mM ATP, and 250 nM [3H]ouabain. C: [3H]Ouabain binding was 
determined by incubating the membranes at room temperature in 5.0 mM MgCl2, 50 mM Tris-
acetic acid (pH 7.0), 1.0 mM Pi, and 250 nM [3H]ouabain. Mean values ± SE of three enzyme 
preparations are shown. NaK = Na,K-ATPase. HKα2= non-gastric H,K-ATPase; ni = not 
injected. The five mutants (mutants 1-5) are described in Table 1. *, Significantly different from 
non-gastric H,K-ATPase wild type (p<0.05). 
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3, and 4 were rather similar to that of the non-gastric H,K-ATPase wild type 
(p>0.05). This demonstrates that none of the later mutants was able to bind 
ouabain under these conditions. This means that amino acid residues in group C,    
located in M5, are apparently not important for high-affinity ouabain binding. 
There was hardly any difference between the results with either ATP or Pi, 
suggesting that the enzyme can be easily converted from the E1 into the E2 form 
and opppositely. As a control, wild type Na,K-ATPase gave higher ouabain-
binding levels when the binding was carried out in the presence of Pi [13]. The 
mutants can apparently easily move between the E1 and E2 form, so that the 
forward or backward reaction gives similar results. Taken together, these findings 
suggest that maximally ten amino acid residues that are present in the catalytic 
subunit of Na,K-ATPase but not in that of non-gastric H,K-ATPase, are important 
for ouabain binding. Five of these amino acids are located in M4, two in M5, and 
three in M6 of Na,K-ATPase (Figure 4.1). 
 To assess which of these ten amino acids are important for high affinity 
ouabain binding, we generated individual mutants of mutant 2, in which each of 
these ten amino acids was back mutated into the original non-gastric H,K-ATPase 
residue. Western blotting showed again similar expression levels of the new 
mutants compared to mutant 2 (Figure 4.3A). All mutants could be 
phosphorylated by ATP (data not shown), which excludes the possibility that the 
loss of ouabain-binding capacity of these mutants is due to the impossibility to 
form a phosphorylated intermediate. Figure 4.3B and C show that the 
[3H]ouabain-binding levels of mutants Mut2-E312D, Mut2-G319S, Mut2-P778A, 
Mut2-L795I, and Mut2-C802F were significantly lower than those of mutant 2, 
indicating that these five mutants lost their ability to bind ouabain with high 
affinity. We cannot distinguish whether this loss is due to a change in affinity or in 
a decrease in the stoichiometry of binding sites. The [3H]ouabain binding levels of 
mutants Mut2-T309Y, Mut2-V314I, Mut2-T781C, and Mut2-V798I were not 
significantly different from those of mutant 2 (P>0.05). The [3H]ouabain-binding 
level of mutant Mut2-W310V was even significantly higher than that of mutant 2 
(P<0.05). Also in this case the results in the presence of ATP (Figure 4.3B) were 
rather similar to those in the presence of Pi (Figure 4.3C). In the latter case 
significance was reached for all mutants except mut2-E312D, which is probably 
due to the relatively larger experimental variations. Taken together, these 
observations indicate that Glu312, Gly319, Pro778, Leu795, Cys802 are essential for 
high affinity ouabain binding. 
 However, these kinds of “loss-of-function” experiments could not exclude 
the possibility that the loss of ouabain-binding capacity of the mutations is due to  
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Figure 4.3. [3H]Ouabain binding of point mutants of mutant 2. A: Total membrane proteins 
from oocytes were detected with antibody C384-M79, which recognizes the Glu528-Met554 
region of the rat non-gastric H,K-ATPase α2-subunit. B: [3H]Ouabain binding was determined 
by incubating the membranes at room temperature in 5.0 mM MgCl2, 50 mM Tris-acetic acid 
(pH 7.0), 1.0 mM ATP, and 250 nM [3H]ouabain. C: [3H]Ouabain binding was determined by 
incubating the membranes at room temperature in 5.0 mM MgCl2, 50 mM Tris-acetic acid (pH 
7.0), 1.0 mM Pi, and 250 nM [3H]ouabain. Mean values ± SE of three enzyme preparations are 
shown. NaK = Na,K-ATPase. HKα2= non-gastric H,K-ATPase; ni = not injected. For mutant 2 
see Table 1.  All point mutations were made in mutant 2. *, Significantly different from mutant 
2 (p<0.05). 
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indirect effects on ouabain binding. Therefore we performed “gain-of-function” 
experiments by introducing different combinations of the above-mentioned five 
amino acids into non-gastric H,K-ATPase. Figure 4.4A shows similar expression 
levels of all tested mutants. None of the mutants showed higher [3H]ouabain-
binding levels than those of non-gastric H,K-ATPase except the mutant with all 
five mutations, HKα2-EGPLC (Figure 4.4B and Figure 4.4C). Since the individual 
mutants all could be phosphorylated, it is unlikely that the lack of ouabain binding 
of most of these mutants is due to an inability to become phosphorylated.  These 
findings confirm that the combination of Glu312, Gly319, Pro778, Leu795, and Cys802 
is essential for high-affinity ouabain binding. 
 To compare the apparent affinity for ouabain of chimera HKα2-EGPLC and 
Na,K-ATPase, we performed an ouabain-replacement assay (Figure 4.5) in the 
presence of 1 mM Pi. The figure shows that the apparent ouabain-binding affinity 
of chimera HKα2-EGPLC (0.22 ± 0.03 μM) is not significantly different from that 
of Na,K-ATPase (0.19 ± 0.01 μM) (P>0.05), indicating that chimera HKα2-
EGPLC has gained high affinity ouabain binding. 
 Finally, we expressed chimera HKα2-EGPLC and the rat Na,K-ATPase β1 
subunit in Sf9 cells using the baculovirus expression system. The expressed non-
gastric H,K-ATPase  EGPLC had an NH4+-stimulated ATPase activity of 9.8 ± 0.9 
μmol/mg protein.h that was about 40% of that of the wild type enzyme (26.8 ± 2.8 
μmol/mg protein.h). The phosphorylation level of the chimera was 9.0 ± 0.8 
pmol/mg protein that is also about 40% of that of the wild type enzyme (22.5 ± 2.3 
pmol/mg protein). This means that the mutations had no effect on the turnover 
number of this enzyme. 
 Next, we determined the effect of ouabain on the NH4+-stimulated ATPase 
activity in membranes isolated from these cells. Fig. 6 shows that the IC50 for 
ouabain under these conditions is a factor 2000 lower than that of the same 
preparation without these mutations. This strongly supports the conclusion of this 
paper that the presence of these five amino acid residues in non-gastric H,K-
ATPase is sufficient for yielding a high affinity ouabain binding site.  
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Figure 4.4. [3H]Ouabain binding of “gain-of-function” non-gastric H,K-ATPase mutants. A: 
Total membrane proteins from oocytes were detected with antibody C384-M79, which 
recognizes the Glu528-Met554 region of the rat non-gastric H,K-ATPase α2-subunit. B: 
[3H]Ouabain binding was determined by incubating the membranes at room temperature in 5.0 
mM MgCl2, 50 mM Tris-acetic acid (pH 7.0), 1.0 mM ATP, and 250 nM [3H]ouabain. C: 
[3H]Ouabain binding was determined by incubating the membranes at room temperature in 5.0 
mM MgCl2, 50 mM Tris-acetic acid (pH 7.0), 1.0 mM Pi, and 250 nM [3H]ouabain. Mean values 
± SE of three enzyme preparations are shown. NaK = Na,K-ATPase. HKα2= non-gastric H,K-
ATPase; ni = not injected. The mutants are indicated by the one letter codes of the amino acids 
of Na,K-ATPase that were introduced into rat non-gastric H,K-ATPase: Glu312, Gly319, Pro778, 
Leu795, Cys802. *, Significantly different from non-gastric H,K-ATPase wild type (p<0.05). 
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Figure 4.5. [3H]Ouabain binding to HKα2-EGPLC and rat Na,K-ATPase R113Q/D124N. 
[3H]Ouabain binding was determined by incubating the membranes at room temperature in 5.0 
mM MgCl2, 50 mM Tris-acetic acid (pH 7.0), 1.0 mM Pi, 25 nM [3H]ouabain, and varying 
concentrations of non-radioactive ouabain. The binding of [3H]ouabain in the absence of non-
radioactive ouabain was set at 100%.The 100% value for the Na,K-ATPase was 2.29 ± 0.23 
fmol/oocytes and for the EGPLC mutant 1.17 ± 0.13 fmol/oocytes. o, Na,K-ATPase 
(R113Q/D124N); ●, H,Kα2-EGPLC. 
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Figure 4.6. Dose-inhibition curve of ouabain on NH4+-stimulated ATPase activity of non-
gastric H,K-ATPase and its EGPLC mutant. Non gastric H,K-ATPase and its EGPLC mutant 
were expressed in Sf9 cells as described in Materials and Methods. The NH4+-stimulated 
ATPase activity in the absence of ouabain was for both preparations set at 100% and the 
activities obtained in the presence of the indicated ouabain concentrations were expressed as 
percentage of these activities. The 100% value for the H,K-ATPase was 22.5 ± 2.3 μmol/mg 
protein.h and for the EGPLC mutant 9.0 ± 0.8 μmol/mg protein.h. o, non gastric H,K-ATPase; 
●, H,Kα2-EGPLC. 
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DISCUSSION 
 
 This paper shows that the low affinity binding site for ouabain in the rat 
non-gastric H,K-ATPase can be converted into a high affinity binding site by 
replacement of only five amino acids by their counterparts present in the catalytic 
subunit of rat Na,K-ATPase. This result was obtained by a systematic mutational 
approach. Advantage was taken from our previous study [15] in which we were 
able to transfer the high affinity binding site for ouabain to the ouabain-insensitive 
gastric H,K-ATPase by mutation of only seven amino acids, originating from 
Na,K-ATPase. All these seven amino acids are present in extracellularly located 
parts of M4, M5, and M6 of Na,K-ATPase. 
 It is known that ouabain binds to the Na,K-ATPase from the extracellular 
side and that the highest affinity for ouabain is obtained when the enzyme is in the 
phosphorylated E2-P form [27]. In the extracellular half of M4, M5, and M6 there 
are 14 amino acids that are different between non-gastric H,K-ATPase and Na,K-
ATPase. Introduction of these 14 amino acid residues from Na,K-ATPase into 
non-gastric H,K-ATPase resulted in an enzyme with a high affinity for ouabain. 
These 14 amino acid residues were divided into four groups, A, B, C, and D, 
containing five, two, four, and three mutated amino acid residues, respectively. 
We next showed that mutant C, which represents a region with a relatively large 
species difference, did not alter ouabain binding and that only the ten amino acid 
residues originating from the groups A, B, and D might be important for the high-
affinity ouabain binding. Next, individual mutational analysis revealed that only 
mutants mut2-E312D, mut2-G319S, mut2-P778A, mut2-L795I, and mut2-C802F 
partly or completely lost the ability to bind [3H]ouabain. Finally, we introduced 
Glu312, Gly319, Pro778, Leu795, and Cys802 into the ouabain-insensitive non-gastric 
H,K-ATPase, resulting in chimera HKα2-EGPLC that demonstrated high-affinity 
ouabain binding (Figure 4.5). The apparent affinity of this chimera is much higher 
than that of the parent non-gastric H,K-ATPase and the rat Na,K-ATPase, whereas 
it is similar to that of the recombinant high-affinity rat (R111Q and D122N) Na,K-
ATPase. In addition, the NH4+-stimulated ATPase activity measured in 
membranes isolated from Sf9 cells in which this chimera had been expressed, 
showed a 2000-times higher affinity for ouabain than the wild-type non-gastric 
H,K-ATPase (Figure 4.6). These results revealed that Na,K-ATPase residues 
Glu312, Gly319, Pro778, Leu795, and Cys802, are important for high affinity ouabain 
binding. 
 Glu312 and Gly319 were also found to be important for high affinity ouabain 
binding in our previous study in which a high-affinity ouabain site was transferred 
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to gastric H,K-ATPase [15]. In that paper we presented a docking model (Figure 
4.7), in which Glu312 forms a hydrogen bridge with a hydroxyl group of the 
rhamnose sugar in the ouabain molecule, suggesting that Glu312 has a direct 
interaction with ouabain. 
 Gly319 is present in the α-helix of M4 that has van der Waals interactions 
with the steroid part of ouabain. It is striking that a Gly is also present in non 
gastric H,K-ATPase in man, guinea pig and Bufo. In rabbit, however, it is an Ala, 
and in rat a Ser. Asano et al. showed that the guinea pig non-gastric H,K-ATPase 
expressed in mammalian cells had a relatively high ouabain sensitivity (IC50 = 52 
μM) [4]. The 86Rb+ uptake in Bufo bladder, which is mediated by non-gastric H,K-
ATPase, was about two times more sensitive to ouabain than that of the rat 
enzyme following expression in X. laevis oocytes [16]. Oocytes co-injected with 
the human non-gastric H,K-ATPase cRNA and that of rabbit gastric H,K-ATPase 
β-subunit showed an 86Rb+ uptake that was rather sensitive to ouabain (Ki = 13 
μM) [2]. It is likely that the presence of any side-chain on position 319, as present 
in rat and rabbit has a structurally inhibitory effect on ouabain binding.   
 Interestingly, we found that when Trp310 was back mutated into the Val 
residue in mutant 2, the [3H]ouabain binding level of this mutant significantly 
increased, suggesting that this mutation leads to an ouabain-binding-favorable 
enzyme conformation. This observation is consistent with the finding that a 
monoclonal antibody which recognizes the EYTW310LE sequence at the M3-M4 
junction of Na,K-ATPase enhances the rate of ouabain binding [28]. The Trp310, 
can give apparently spatial hindrance for ouabain binding. Substitution of this 
residue in mutant 2 or binding of an antibody to this residue (or its environment) 
in Na,K-ATPase can remove this spatial hindrance. 
 The other three amino acids that were found to be important for high-
affinity ouabain binding Pro778, Leu795, and Cys802 have not been described before 
to be important for ouabain binding in Na,K-ATPase. Pro778 and Leu795 are present 
in both Na,K-ATPase and gastric H,K-ATPase, and were therefore not identified 
by making chimeras between these two enzymes. Ala and Ile are present at the 
corresponding locations in non-gastric H,K-ATPase. Two of the three newly 
detected amino acids (Pro778 and Cys802) are most likely not directly involved in 
ouabain binding (Figure 4.7) but support ouabain binding indirectly. Leu795 might 
directly contribute to ouabain binding. 
 From a structural point of view, Pro is an unusual amino acid in which the 
side chain is cyclized back to the backbone amide position. The backbone 
conformation is therefore restricted which leads to a kinked structure [29]. A Pro 
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kink provides a way to make curved helices that could be packed into a funnel-like 
or cage-like structure [30]. Such a packing is important for membrane proteins in  
 
 
Figure 4.7. Model for the ouabain-binding pocket in Na,K-ATPase. The model is an 
extension of the model presented by Qiu et al (2005)[15]. The five amino acid residues that are 
detected in the present study are indicated by arrows. The backbones of the seven amino acids 
already found in the model of Qiu et al (2005)[15] are colored in yellow. Nitrogen is colored 
blue, oxygen red, and carbon cyan or green (in ouabain). Hydrogen bonds are shown as yellow 
disks. Surrounding parts of the structure hav been hidden for clarity. Images were created with 
Yasara (www.yasara.org). 
 
which structural interactions between helices can be maximized [31]. Because 
Pro778 is not included in the proposed ouabain binding pocket (Qiu et al. 2005), it 
is reasonable to postulate that the dramatic structural difference that occurs when 
Ala is replaced by Pro will help the enzyme to build up a conformation favorable 
for ouabain binding. 
 92 
  Ouabain binding to non-gastric ATPase 
 Leu795 is located close to the extracellular loop (PLPL795GTV) between M5 
and M6 (Figure 4.7). It is likely to be involved in ouabain binding since ouabain 
binds to the enzyme from the extracellular side. In addition, substitution of its 
neighboring amino acid Leu793 with Pro has been reported to lead to ouabain 
resistance. The apparent affinity of the L793P mutant for K+ is 2-fold lower than 
that of wild type Na,K-ATPase pump, indicating that the mechanism of ouabain 
insensitivity of L793P is due to a perturbation in the region of the enzyme that 
may include the K+-binding site [32]. Moreover, substitution of another 
neighboring residue, Thr797 with Val and Ala, was found to result in a 79-fold and 
66-fold increase in the IC50 values for ouabain, respectively [33]. In agreement 
with this we demonstrated before that Thr797 is one of the three amino acids in 
transmembrane hairpin M5-M6 of Na,K-ATPase that play a key role in ouabain 
binding [14]. Taken together, these findings show that the loop region 
(PLPL795GTV) is clearly important for the interaction between ouabain and Na,K-
ATPase. Therefore, replacement of Leu795 with Ile might modify the loop structure 
that harbors Leu793 and Thr797 in such a way that ouabain cannot bind very well. 
 We also found that replacement of Cys802 by a Phe resulted in a loss of 
ouabain binding. Cys802 is located in the neighborhood of the cation-binding site 
and cannot be part of the ouabain-binding site. This mutation gives a large 
structural change from a hydrophilic residue with side chains containing sulfur 
atoms to hydrophobic amino acid with an aromatic ring. It is possible that this 
large structural change affects the enzyme conformation and so changes the 
ouabain affinity. Surprisingly, a similar change in our previous study with gastric 
H,K-ATPase had much less effect [14]. The direct environment of Cys802 in 
gastric H,K-ATPase is different from that of non-gastric H,K-ATPase, which 
might explain the different result. For instance, in gastric H,K-ATPase a Glu is 
present on position 804, whereas in non-gastric H,K-ATPase, like in Na,K-
ATPase, an Asp is present on this position. We showed before that the presence of 
Asp804, which is part of the cation-binding pocket, is necessary for high-affinity 
ouabain binding [13;14]. Therefore, it is likely that Cys802 may alter the ouabain-
binding affinity indirectly by changing enzyme-cation interactions. 
 In summary, we presented evidence that the presence of Glu312, Gly319, 
Pro778, Leu795 and Cys802 in Na,K-ATPase is necessary for obtaining high affinity 
ouabain binding. Moreover, we demonstrated that only these five amino acids 
present in the extracellular half of M4, M5, and M6 of Na,K-ATPase are sufficient 
to confer high affinity ouabain binding to non-gastric H,K-ATPase.    
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Chapter 5 
Na,K-ATPase, as well as gastric and non-gastric H,K-ATPase belong to the 
IIc subfamily of the cation transporting (P-type) ATPases. Although their catalytic 
subunits (α- subunits) share 60-65% homology in amino acid sequence [1], they 
have different inhibitor sensitivities. SCH 28080 is a specific inhibitor of gastric 
H,K-ATPase, although some studies suggest that the non-gastric H,K-ATPase is 
also slightly sensitive to this drug. On the other hand, Na,K-ATPase is specifically 
inhibited by ouabain, non-gastric H,K-ATPase is moderately sensitive to this 
compound, whereas the gastric H,K-ATPase is completely insensitive to ouabain. 
Although elucidation of the ouabain-binding site of Na,K-ATPase has been the 
target of numerous studies, the precise binding site is still not known. One of the 
reasons for this lack of knowledge is that during the catalytic cycle the enzyme is 
present in various conformational forms which all have different affinities for this 
drug. For high-affinity binding the enzyme must be in the phosphorylated E2-P 
form. The knowledge of the ouabain-binding site of Na,K-ATPase will aid our 
understanding of its inhibition mechanism and might be essential for the design of 
new drugs. 
The high degree of similarity between the Na,K-ATPase and other IIc P-
type ATPases allows their functional determinants to be studied through 
generation of chimeras. Previously, Koenderink et al. [2] showed that a chimera 
(HN34/56) of rat Na,K-ATPase and rat gastric H,K-ATPase, in which only the 
M3-M4 and M5-M6 hairpins were of Na,K-ATPase origin, bound ouabain with 
high affinity. The main goal of this thesis was gradually reducing the parts that 
originate from Na,K-ATPase in chimera HN34/56, until the minimal amount of 
amino acids for high-affinity ouabain binding was found. 
 
Identification of amino acids involved in ouabain binding  
 
It has been known that ouabain binds to the α-subunit of Na,K-ATPase from 
the extracellular side. Initial studies have focused on the extracellular loops of the 
enzyme. Two polar but uncharged amino acids (Gln111 and Asn122) at the border of 
the first extracellular loop were identified by Lingrel and co-workers to be 
responsible for the high ouabain sensitivity of the sheep Na,K-ATPase [3]. In 
ouabain-resistant rodents, two charged amino acids (Arg and Asp) are present on 
the corresponding positions. Interestingly, in gastric H,K-ATPase, which does not 
interact with ouabain, the corresponding residues are also Gln and Asn, the same 
as found in the ouabain-sensitive sheep Na,K-ATPase. This suggests that these 
two amino acids alone are not responsible for ouabain binding and other parts of 
the α-subunit might also be involved. Follow-up studies of the group of Lingrel 
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reported that transmembrane hairpin M5-M6 and the M7 segment appeared to be 
major determinants of ouabain inhibition [4]. The finding of Koenderink et al. [2] 
that the mere introduction of transmembrane hairpin M3-M4 and M5-M6 of Na,K-
ATPase into a backbone of gastric H,K-ATPase resulted in the formation of a 
high-affinity ouabain binding site confirms the importance of the M5-M6 hairpin. 
The M1-M2 loop of the latter chimera HN34/56 originates from gastric H,K-
ATPase. The presence of Gln111 and Asn122 in this chimera was shown to 
contribute to the high-affinity ouabain binding of chimera HN34/56, since 
mutation into Arg and Asp residues respectively, markedly reduced the affinity for 
ouabain in this chimera. 
Due to the apparent importance of the M5-M6 hairpin in the interaction 
with ouabain, we targeted this region in search of amino acids that might be 
important for ouabain binding. In chapter 2 we identified three amino acids 
(Phe783, Thr797, and Asp804) of M5-M6 which could gain high-affinity ouabain 
binding if hairpin M3-M4 of Na,K-ATPase was also present (chimera 
HN34/FTD). To further pin-point the ouabain binding site of Na,K-ATPase, we 
used our chimera-based loss of function strategy and identified four amino acids 
Glu312, Val314, Ile315 and Glu312 in M4 to be important for ouabain binding 
(chapter 3). Mutation of any amino acid residue in M3 had no effect at all on 
ouabain binding. In a final gain-of-function study we showed that a gastric H,K-
ATPase that contains Glu312, Val314, Ile315, Gly319, Phe783, Thr797 and Asp804 of 
Na,K-ATPase bound ouabain with the same apparent affinity as the native 
enzyme. In addition, we identified that Glu312, Gly319, Pro778, Leu795 and Cys802 of 
Na,K-ATPase are crucial for obtaining a high affinity ouabain binding site into 
non-gastric H,K-ATPase as presented in chapter 4. An overview of the identified 
amino acids of this thesis is shown in figure 5.1.  
Among the identified amino acid residues in transmembrane M5-M6 of 
Na,K-ATPase, Thr797 is the only amino acid that has previously been described to 
play a role in ouabain binding. Random mutagenesis of the sheep Na,K-ATPase 
α1-subunit has shown [5;6] that mutants T797N, T797A and T797V lost their 
ouabain sensitivity (66-80 fold decrease), suggesting that Thr797 was involved in 
the interaction with ouabain. We confirmed that Thr797 is an essential residue for 
high-affinity ouabain binding in the present study. The amino acids Phe783, Asp804, 
Pro778, Leu795 and Cys802 have never been found to be important for ouabain 
binding. However, several other amino acids present in or around the third 
extracellular loop (Phe786, Leu793 and Phe863) were previously identified to be 
involved in ouabain sensitivity. Two of these residues, like Leu793 and Phe863, are 
identical in Na,K-ATPase and gastric H,K-ATPase and could therefore not been 
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found by a chimeric approach. Various substitutions of these three residues 
resulted in proteins displaying 3-48-fold increase in I50 value of the Na,K-ATPase 
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Figure 5.1. Model of the 10-transmembrane regions of rat Na,K-ATPase α subunit. The solid 
bars represent transmembrane M4, M5 and M6. The open bars represent the other 
transmembrane regions of the α subunit of rat Na,K-ATPase. The circled amino acids are 
identified in this study to be necessary for high-affinity ouabain binding in Na,K-ATPase. 
activity for cardiac glycoside [4]. In addition, substitution of Leu793 with Pro leads 
to ouabain resistance [7]. Taken together, these findings suggested that the region 
(PL793PL795GT797V) is clearly important for the interaction between ouabain and 
Na,K-ATPase. Therefore, Leu795 might act in conjunction with Leu793 and Thr797 in 
the binding of ouabain. Cations, like K+, are known to antagonize ouabain 
binding, it is likely that the cation binding regions must undergo conformational 
changes during the catalytic cycle and that ouabain binding could prevent this 
occurring. When cations are bound, ouabain may no longer be able to interact with 
this region of the enzyme molecule. Asp804, Glu779 and Ser775, which are close to 
Cys802, Phe783 and Pro778, have been reported to be required for normal Na+ and K+ 
transport, possibly by coordinating of these cations during transport [8;9]. Since 
Asp804, Cys802, Phe783 and Pro778 are all located in or closely around the cation-
binding regions these residues might be either part of the cation-binding site or 
keep the structure of the cation-binding site intact. Dramatic structure changes of 
these residues, such as C802F and P778A, probably would affect the ouabain 
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binding affinity by changing enzyme-cation interactions and the conformational 
changes of the enzyme. 
Glu312 and Gly319 have been proven to be essential for ouabain binding in 
both studies using the gastric and non-gastric H,K-ATPase as backbones, 
indicating that these two residues might be part of the binding site and directly 
affect ouabain affinity. The importance of Glu312 is in agreement with the finding 
that a monoclonal antibody which recognizes the EYTWLE312 sequence at the 
M3-M4 junction of Na,K-ATPase enhances the rate of ouabain binding [10]. 
Gly319 is not a highly conserved residue in non-gastric H,K-ATPase. However, it is 
present in human and guinea pig non-gastric H,K-ATPase, which enzymes have 
been reported to have a higher-affinity for ouabain, as compared to that of the rat. 
Asano et al. showed that the guinea pig non-gastric H,K-ATPase expressed in 
mammalian cells had the highest ouabain sensitivity (IC50 = 52 μM), while rat 
non-gastric H,K-ATPase expressed in Xenopus laevis oocytes was insensitive to 
ouabain (Ki =0.97 mM) [11]. Oocytes co-injected with the cRNA of human 
ATP1AL1 and that of the rabbit gastric H,K-ATPase β-subunit showed an 86Rb+ 
uptake that was rather sensitive to ouabain (Ki = 13 μM) [12]. These studies 
suggest that the presence of a Gly on position 319 might explain the relatively 
high-affinity of ouabain of some species. We confirmed the importance of Gly319 
and showed that its presence is necessary for obtaining a high-affinity ouabain-
binding site. Val314 and Ile315 were for the first time identified to be involved in 
ouabain binding. Replacement of Val314 with its gastric H,K-ATPase counterpart 
Met in chimera HN34/56 strongly decreased the ability to bind ouabain. However, 
Val314 can be replaced by its non-gastric H,K-ATPase counterpart Ile without 
major alterations in ouabain affinity. These observations indicate that replacement 
of Val314 with Met probably leads to an enzyme conformation that is unfavorable 
for ouabain binding. Ile315 is conserved in Na,K-ATPase and non-gastric H,K-
ATPase, which both are more or less sensitive to ouabain, and not in gastric H,K-
ATPase which is absolutely insensitive to ouabain. This suggests an important role 
of this residue in ouabain binding. 
 
Homology modeling of the ouabain-binding site in Na,K-ATPase  
 
The binding site of ouabain in Na,K-ATPase has until now been difficult to 
define. One main reason is the absence of a high-resolution crystal structure of the 
enzyme. The crystal structure of an E1Ca2+ conformation of the related P2-type 
ATPase SERCA1a at 2.6Å resolution was published by Toyoshima and his 
collaborators [13]. More recently, the same group published a structure that 
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resembles the phosphorylated E2 conformation (E2P) to which ouabain binds with 
high affinity [14]. These crystal structures of Ca2+-ATPase  provide structural 
templates that are helpful in building a three-dimensional model of the Na,K-
ATPase α1 subunit using homology modeling techniques and, thereupon, ouabain-
docking was used to study the molecular interaction between Na,K-ATPase and 
ouabain. 
By homology modeling and molecular docking starting from the ‘E2P’ 
crystal structure of Ca2+-ATPase (chapter 3), we constructed a model for the 
ouabain-binding pocket in Na,K-ATPase in an ouabain bound conformation, in 
which several of the amino acids, which we found to be important for ouabain 
binding, are suggested to play a crucial role in the binding of ouabain. Numerous 
studies have demonstrated the importance of Gln111 and Asn122 (transmembrane 
M1-M2), which are also present in rat gastric H,K-ATPase, for high-affinity 
ouabain binding [2;3;15]. In our model these residues form hydrogen bridges with 
the hydroxyl groups on the position 1 and 11 of the steroid body of ouabain. This 
is supported by previous work showing that these two residues do not bind the 
sugar moiety [16]. 
According to our docking model, five of the ten essential residues (Glu312, 
Val314, Ile315, Gly319, and Thr797) are in direct proximity of ouabain (closer than 5 
Å). The remaining five amino acids (Phe783, Asp804, Pro778, Leu795 and Cys802) 
provide structural support. In our model, Glu312 which is present in the second 
extracellular loop between M3 and M4, forms hydrogen bridges with hydroxyl 
groups of the sugar moiety of ouabain. Canessa et al [17] reported that mutation of 
Tyr308 to Phe in the M3-M4 hairpin of Na,K-ATPase significantly affects ouabain 
binding. In our model this residue is indeed very close to the ouabain molecule but 
has no direct contact with it. Ile315 present in M4, is in close proximity of the 
steroid body of ouabain with which it has a hydrophobic interaction. Although 
Val314 is close to ouabain, this residue is on the other side of the helical wheel and 
therefore shows no direct interaction with ouabain. Since Gly319 has no side chain, 
this residue has a direct interaction with ouabain only at the backbone in our 
model. However, any side chain on this position might hamper interaction with 
ouabain. Croyle et al. [18] suggested that Leu330, Ala331, and Thr338 present in M4 
may indirectly alter the structure of the ouabain binding site and thereby lower the 
affinity of the enzyme for ouabain. In our model, these amino acids are located at 
the inner interface between the membrane and cytosol and are indeed not in direct 
contact with the ouabain molecule. The carbonyl oxygen of the lactone ring forms 
a hydrogen bridge with the backbone nitrogens of Thr797, which is in agreement 
with previous studies that demonstrated the importance of this residue [5;6]. 
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Similarly, Leu793, which in our model is very close to ouabain, has been found to 
influence ouabain binding [4;7]. Phe783 points toward ouabain but is too far away 
to interact directly with the ouabain molecule. Most probably its replacement with 
a Tyr indirectly disturbs the ouabain-binding site. Asp804, Pro778, Leu795 and Cys802 
are also not in close proximity of ouabain. Asp804 probably affects ouabain binding 
indirectly through its effects on cation binding [19]. The presence of Pro778, Leu795 
and Cys802 in M5-M6 probably contribute to the structure for an ouabain-binding 
favorable enzyme conformation.  
Most recently, Paula et al.[20] found that substitution of the five-membered 
lactone ring by a six-membered lactone ring caused a decrease in binding affinity 
and an increase in inhibitory potency, whereas removal of the sugar moiety of 
ouabain caused a dramatic decrease in binding affinity but had little effect on 
inhibitory potency. These findings are in agreement with our docking model, in 
which the lactone ring is buried deep inside the lipid bilayer, whereas the 
rhamnose is located more superficially. A plausible mechanism for Na,K-ATPase 
inhibition is digitalis-mediated paralysis of M5-M6 loop movement [4]. After 
binding of ouabain to the first extracellular loop it exerts its inhibitory activity by 
interacting with the M5-M6 loop that is involved in cation binding, thus restricting 
its flexibility. This mechanism might also be the basis for the K+-ouabain 
antagonism.  
 
Future perspectives 
 
In this thesis, we successfully determined some amino acids that are crucial 
for high-affinity ouabain binding in Na,K-ATPase. Our findings significantly 
enlarged the knowledge in this field. Next, a comparison study between an 
ouabain-sensitive form of Na,K-ATPase and our final chimeras have to be 
performed. The effects of ouabagenin, dihydroouabain, and several other ouabain 
analogs have to be compared with ouabain in order to identify which amino acids 
are involved in binding of sugar moiety, the lactone ring, and the steroid body, 
respectively. Moreover, several biologically active derivatives of the cardiotonic 
steroid ouabain can be made containing NMR isotopes in the rhamnose sugar, 
lactone ring and steroid moieties, and examined at the ouabain binding site of 
highly purified pig or sheep kidney Na,K-ATPase by solid-state NMR methods. 
Defining the ouabain binding site of Na,K-ATPase will aid in our understanding 
of its inhibition mechanism and be crucial for the development of new inotropic 
isoform specific drugs that possess better therapeutic effects and lower toxicity. 
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 Samenvatting 
 
Ondanks vele jaren van onderzoek aan ouabaïne, de specifieke remmer van 
Na,K-ATPase, is de bindingsplaats in het enzym nog steeds niet bekend. In dit 
proefschrift zijn een aantal chimere enzymen onderzocht, waarbij naast delen van 
het Na,K-ATPase, ook delen van verwante enzymen, het H,K-ATPase uit 
respectievelijk de maag en het colon zijn gebruikt. Het H,K-ATPase uit de maag is 
absoluut ongevoelig voor ouabaïne, terwijl het colon-type een zeer lage affiniteit 
voor ouabaïne heeft. Alle drie de enzymen hebben een vergelijkbare opbouw. Zij 
hebben een specifieke katalytische α-subeenheid die voor 60-65% identiek is en 
die een zeer vergelijkbare opbouw heeft met o.a. tien transmembraansegmenten en 
een β-subeenheid, een glycoproteine die eenmaal het membraan passeert. Een paar 
jaar geleden is door onze groep een chimeer gemaakt uit het H,K-ATPase uit de 
rattemaag en het Na,K-ATPase van de rat, waarbij slechts de “haarspelden” 
M3/M4 en M5/M6 afkomstig waren uit het Na,K-ATPase. Deze chimeer 
(HN34/56) bond ouabaïne met een hoge affiniteit. Mutatie in HN34/56 van twee 
polaire ongeladen aminozuren in het extracellulaire M1/M2 domein in geladen 
aminozuren, leidde tot een aanzienlijke verlaging van de bindingsaffiniteit voor 
ouabaïne. Deze geladen aminozuren worden ook bij het Na,K-ATPase uit de rat 
gevonden en hun aanwezigheid verklaart de ongevoeligheid van rat en muis voor 
deze verbinding. 
In de twee haarspelden die van het Na,K-ATPase afkomstig zijn, zijn er nog 
48 voor het Na,K-ATPase specifieke aminozuren. In dit proefschrift is de vraag 
onderzocht welke van deze aminozuren essentieel zijn voor de binding van 
ouabaïne. Om dit te onderzoeken zijn eerst de aminozuren uit M5/M6 die 
verschillend zijn tussen Na,K-ATPase en H,K-ATPase in kleine groepen 
teruggemuteerd naar de aminozuren uit het H,K-ATPase en tot expressie gebracht 
in eicellen van de Xenopus Laevis (hoofdstuk 2). Bij drie van de zeven groepen 
leidde dit tot een verlies van ouabaïne binding. Bij individuele mutatie van de 
zeven aminozuren uit deze drie groepen bleken slechts drie mutaties tot een verlies 
aan ouabaïne binding te leiden. Tenslotte zijn deze drie voor Na,K-ATPase 
specifieke aminozuren (Phe787, Thr797 en Asp804) geïncorporeerd in HN34, een 
chimeer dat alleen de haarspeld M3/M4 van Na,K-ATPase bevatte en dat uit 
zichzelf geen ouabaïne bond. Dit construct bleek inderdaad ouabaïne te binden en 
wel met een hoge affiniteit. 
Vervolgens zijn op een soortgelijke wijze de aminozuren uit M3 en M4 
onderzocht (hoofdstuk 3). Mutatie van de aminozuren uit M3 bleek geen enkel 
effect te hebben op de binding van ouabaïne. Mutatie van drie groepen 
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 aminozuren uit M4 leidde tot een verlies van de bindingscapaciteit voor ouabaïne. 
Bij individuele mutatie van vijf van de negen aminozuren bleek de binding van 
ouabaïne verloren te gaan. Bij één aminozuur kon dit toegeschreven worden aan 
de onmogelijkheid het enzym te fosforyleren wat essentieel is voor een hoge 
affiniteitsbinding. Bij incorporatie van de vier overige aminozuren (Glu312, Val314, 
Ile315 en Gly319) samen met Phe787, Thr797 en Asp804 uit M5 en M6 in het H,K-
ATPase uit de maag kon ouabaïne met een hoge affiniteit gebonden worden. 
Het nadeel van deze aanpak is dat aminozuren die identiek zijn tussen 
Na,K-ATPase en H,K-ATPase uit de maag en die mogelijk betrokken zijn bij de 
binding van ouabaïne niet met deze methode gedetecteerd kunnen worden. 
Daarom is in hoofdstuk 4 het colon-type H,K-ATPase dat ouabaïne met een zeer 
lage affiniteit bindt als uitgangsenzym gebruikt. Op basis van de bevindingen uit 
de hoofdstukken 2 en 3 zijn in eerste instantie de 14 aminozuren gemuteerd die in 
M4, M5 en M6 verschillend zijn tussen Na,K-ATPase en het colon-type H,K-
ATPase. Bij deze mutaties werden de 14 aminozuren in vier groepjes omgezet in 
hun Na,K-ATPase homoloog. Hierbij nam de affiniteit van de binding voor 
ouabaïne sterk toe. Een van deze vier groepjes bleek niet nodig te zijn voor dit 
effect, zodat het aantal nader te onderzoeken aminozuren kon worden 
teruggebracht tot tien. Terugmutatie van deze tien aminozuren tot de in het colon-
type H,K-ATPase aanwezige aminozuren leidde in vijf gevallen tot een verlies aan 
bindingscapaciteit. Incorporatie van deze vijf aminozuren (Glu312, Gly319, Pro778, 
Leu795 en Cys802) in het colon-type H,K-ATPase leidde tot een bindingsaffiniteit 
voor ouabaïne die vergelijkbaar is met die van Na,K-ATPase. Het laatste construct 
werd ook tot expressie gebracht in Sf9 insectencellen door middel van een 
baculovirus en de ATPase activiteit in membranen van Sf9 cellen kon worden 
geremd met een ouabaïne concentratie die 2000 keer lager was dan nodig om het 
ongemuteerde colon-type H,K-ATPase te remmen. Van deze vijf aminozuren 
waren er twee (Glu312 en Gly319) ook al gevonden bij de studie met het H,K-
ATPase uit de maag. In totaal zijn er bij deze studie tien aminozuren gevonden 
welke zeer belangrijk zijn voor de binding van ouabaïne aan het Na,K-ATPase. 
Door baanbrekend onderzoek van Toyoshima en medewerkers is vrij 
onlangs de kristalstructuur van een aantal conformatievormen van het Ca2+-
ATPase uit het sarcoplasmatisch reticulum vastgesteld. Op basis van homologe 
modelering zijn modellen gemaakt voor de structuur van verwante enzymen zoals 
het Na, K-ATPase. Door docking experimenten met behulp van de structuur (E2-
P) die ouabaïne het beste bindt, is een model geconstrueerd voor de bindingsplaats 
van ouabaïne. Vijf van de tien gevonden aminozuren bevinden zich binnen 5Å van 
het ouabaïne in dit model. Ook spelen de twee polaire aminozuren uit het 
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 extracellulaire M1/M2 domein Gln111 en Asn122 een rol bij de binding van 
ouabaïne. Deze vormen waterstofbruggen met hydroxylgroepen in de steroïde ring 
van ouabaïne. Glu312 is betrokken bij de binding aan de suiker rhamnose in 
ouabaïne en Ile315 gaat een hydrofobe interactie aan met dit molecuul. Thr797 bindt 
in dit model aan een carbonyl zuurstof in de lacton ring van ouabaïne.  Een aantal 
van de overige gevonden aminozuren spelen waarschijnlijk een structurele rol of 
zijn betrokken bij de kation binding die nodig is voor noodzakelijke 
conformatieveranderingen. 
Het verkregen model voor de binding van ouabaïne verdient een nadere 
studie, waarbij gebruik gemaakt moet worden  van ouabaïne analoga en verdere 
mutatiestudies.   
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 Appendix 
 
NaK  MGK-GVGRDKYEP------AAVSEHGDKKSKKAK-------KERDMDELKKEVSMDDHKL 46 
HKa2 MRR-KTEIYSVELNGTKDVKPADQRDDKKFKGAKNKDLEPNKSHEKEELKKELDLDDHRL 59 
HKa1 MGKENYELYSVELGTGPGGDMAAKMSKKKAGGGGGK-----KKEKLENMKKEMEMNDHQL 55 
     * :      . *         . : ..**   .        *... :::***:.::**:* 
                                                            M1 
NaK  SLDELHRKYGTDLSRGLTPARAAEILARDGPNALTPPPTTPEWVKFCRQLFGGFSMLLWI 106 
HKa2 SNTELEQKYGTNIIQGLSSVRATELLARDGPNTLTPPKQTPEIIKFLKQMVGGFSILLWI 119 
HKa1 SVSELEQKYQTSATKGLKASLAAELLLRDGPNALRPPRGTPEYVKFARQLAGGLQCLMWV 115 
     *  **.:** *.  :**..  *:*:* *****:* **  *** :** :*: **:. *:*: 
                                     M2 
NaK  GAILCFLAYGIRSATEEEPPNDDLYLGVVLSAVVIITGCFSYYQEAKSSKIMESFKNMVP 166 
HKa2 GAALCWIAFVIQYVNN-SASLDNVYLGAILVLVVILTGIFAYYQEAKSTNIMASFSKMIP 178 
HKa1 AAAICLIAFAIQASEGDLTTDDNLYLALALIAVVVVTGCFGYYQEFKSTNIIASFKNLVP 175 
     .* :* :*: *:      .. *::**.  *  **::** *.**** **::*: **.:::* 
 
NaK  QQALVIRNGEKMSINAEDVVVGDLVEVKGGDRIPADLRIISANGCKVDNSSLTGESEPQT 226 
HKa2 QQALVIRDAEKKVISAEQLVVGDVVEIKGGDQIPADIRLVFSQGCKVDNSSLTGESEPQA 238 
HKa1 QQATVIRDGDKFQINADQLVVGDLVEMKGGDRVPADIRILSAQGCKVDNSSLTGESEPQT 235 
     *** ***:.:*  *.*:::****:**:****::***:*:: ::****************: 
 
NaK  RSPDFTNENPLETRNIAFFSTNCVEGTARGIVVYTGDRTVMGRIATLASGLEGGQTPIAE 286 
HKa2 RSTEFTHENPLETKNIGFYSTTCLEGTATGIVINTGDRTIIGRIASLASGVGSEKTPIAI 298 
HKa1 RSPECTHESPLETRNIAFFSTMCLEGTAQGLVVSTGDRTIIGRIASLASGVENEKTPIAI 295 
     **.: *:*.****:**.*:** *:**** *:*: *****::****:****: . :****  
                  M3                   M4 
NaK  EIEHFIHLITGVAVFLGVSFFILSLILEYTWLEAVIFLIGIIVANVPEGLLATVTVCLTL 346 
HKa2 EIEHFVHIVAGVAVSIDIIFFITAVCMKYYVLDAIIFLISIIVANVPEGLLATVTVTLSL 358 
HKa1 EIEHFVDIIAGLAILFGATFFVVAMCIGYTFLRAMVFFMAIVVAYVPEGLLATVTVCLSL 355 
     *****:.:::*:*: :.  **: :: : *  * *::*::.*:** *********** *:* 
 
NaK  TAKRMARKNCLVKNLEAVETLGSTSTICSDKTGTLTQNRMTVAHMWFDNQIHEADTTENQ 406 
HKa2 TAKRMAKKNCLVKNLEAVETLGSTSIICSDKTGTLTQNRMTVAHLWFDNQIFVADTSENQ 418 
HKa1 TAKRLASKNCVVKNLEAVETLGSTSVICSDKTGTLTQNRMTVSHLWFDNHIHTADTTEDQ 415 
     ****:* ***:************** ****************:*:****:*. ***:*:* 
 
NaK  SGVSFDKTSATWFALSRIAGLCNRAVFQANQENLPILKRAVAGDASESALLKCIEVCCGS 466 
HKa2 TKQAFDQSSGTWASLSKIITLCNRAEFRPGQESVPIMKRTVVGDASETALLKFSEVILGD 478 
HKa1 SGQTFDQSSETWRALCRVLTLCNRAAFKSGQDAVPVPKRIVIGDASETALLKFSELTLGN 475 
     :  :**::* ** :*.::  ***** *:..*: :*: ** * *****:****  *:  *. 
 
NaK  VMEMREKYTKIVEIPFNSTNKYQLSIHKNPNASEPKHLLVMKGAPERILDRCSSILLHGK 526 
HKa2 VMGIRKRNHKVAEIPFNSTNKFQLSIHETEDPNNKRFLVVMKGAPERILEKCSTIMINGQ 538 
HKa1 AMGYRDRFPKVCEIPFNSTNKFQLSIHTLEDPRDPRHLLVMKGAPERVLERCSSILIKGQ 535 
     .*  *.:  *: *********:*****   :. : :.*:********:*::**:*:::*: 
 
NaK  EQPLDEELKDAFQNAYLELGGLGERVLGFCHLLLPDEQFPEGFQFDTDEVNFPVDNLCFV 586 
HKa2 EQPLDKSSADSFHTAYMELGGLGERVLGFCHLYLPAEQFPQSYIFDVDSVNFPTSNFCFV 598 
HKa1 ELPLDEQWREAFQTAYLSLGGLGERVLGFCQLYLNEKDYPPGYTFDVEAMNFPSSGLCFA 595 
     * ***:.  ::*:.**:.************:* *  :::* .: **.: :*** ..:**. 
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NaK  GLISMIDPPRAAVPDAVGKCRSAGIKVIMVTGDHPITAKAIAKGVGIISEGNETVEDIAA 646 
HKa2 GLLSMIDPPRSTVPDAVSKCRSAGIKVIMVTGDHPITAKAIAKSVGIISANNETVEDIAK 658 
HKa1 GLVSMIDPPRATVPDAVLKCRTAGIRVIMVTGDHPITAKAIAASVGIISEGSETVEDIAA 655 
     **:*******::***** ***:***:**************** .***** ..*******  
 
NaK  RLNIPVNQVNPRDAKACVVHGSDLKDMTSEELDDILRYHTEIVFARTSPQQKLIIVEGCQ 706 
HKa2 RRNIAVEQVNKREAKAAVVTGMELKDMTPEQLDELLTNYQEIVFARTSPQQKLIIVEGCQ 718 
HKa1 RLRMPVDQVNKKDARACVINGMQLKDMDPSELVEALRTHPEMVFARTSPQQKLVIVESCQ 715 
     * .:.*:*** ::*:*.*: * :**** ..:* : *  : *:***********:***.** 
 
NaK  RQGAIVAVTGDGVNDSPALKKADIGVAMGIVGSDVSKQAADMILLDDNFASIVTGVEEGR 766 
HKa2 RQDAIVAVTGDGVNDSPALKKADIGIAMGIAGSDAAKNAADMVLLDDNFASIVTGVEEGR 778 
HKa1 RLGAIVAVTGDGVNDSPALKKADIGVAMGIAGSDAAKNAADMILLDDNFASIVTGVEQGR 775 
     * .**********************:****.***.:*:****:**************:** 
                       M5                     M6 
NaK  LIFDNLKKSIAYTLTSNIPEITPFLIFIIANIPLPLGTVTILCIDLGTDMVPAISLAYEQ 826 
HKa2 LIFDNLKKTIAYTLTKNIAELCPFLIYIVAGLPLPIGTITILFIDLGTDIIPSIALAYEK 838 
HKa1 LIFDNLKKSIAYTLTKNIPELTPYLIYITVSVPLPLGCITILFIELCTDIFPSVSLAYEK 835 
     ********:******.**.*: *:**:* ..:***:* :*** *:* **:.*:::****: 
                                       M7 
NaK  AESDIMKRQPRNPKTDKLVNERLISMAYGQIGMIQALGGFFTYFVILAENGFLPFHLLGI 886 
HKa2 AESDIMNRKPRHKKKDRLVNTQLAIYSYLHIGLMQALGGFLVYFTVYAQQGFWPTSLINL 898 
HKa1 AESDIMHLRPRNPRRDRLVNEPLAAYSYFQIGAIQSFAGFADYFTAMAQEGWFPLLCVGL 895 
     ******: :**: : *:***  *   :* :** :*::.**  **.  *::*: *   :.: 
                                           M8 
NaK  RETWDDRWINDVEDSYGQQWTYEQRKIVEFTCHTAFFVSIVVVQWADLVICKTRRNSVFQ 946 
HKa2 RVAWETDDINDLEDSYGQEWTRYQRKYLEWTGSTAFFVAIMIQQIADLIIRKTRRNSIFQ 958 
HKa1 RPQWEDHHLQDLQDSYGQEWTFGQRLYQQYTCYTVFFISIEMCQIADVLIRKTRRLSAFQ 955 
     *  *:   ::*::*****:**  **   ::*  *.**::* : * **::* **** * ** 
                   M9                        M10 
NaK  QG-MKNKILIFGLFEETALAAFLSYCPGMGAALRMYPLKPTWWFCAFPYSLLIFVYDEVR 1005 
HKa2 QGLFRNKVIWVGIASQVIVALILSYGLGSVPALSFTMLRVQYWFVAVPHAILIWVYDEMR 1018 
HKa1 QGFFRNRILVIAIVFQVCIGCFLCYCPGMPNIFNFMPIRFQWWLVPMPFGLLIFVYDEIR 1015 
     ** ::*::: ..:  :. :. :*.*  *    : :  ::  :*: ..*..:**:****:* 
 
NaK  KLIIRRRPGGWVEKETYY 1023 
HKa2 KLFIRLYPGSWWDKNMYY 1036 
HKa1 KLGVRCCPGSWWDQELYY 1033 
     ** :*  **.* ::: ** 
 
Multiple sequence alignments of IIc P-ATPases (by CLUSTAL). NaK, rat Na,K-ATPase α1-
subunit. HKα2, rat non-gastric H,K-ATPase α-subunit. HKα1, rat gastric H,H-ATPase α-
subunit. M1-M10 represent the 10 transmembrane segments. 
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 Abbreviation 
 
ADP                          Adenosine diphosphate 
ATP                          Adenosine triphosphate 
ATPase                     Adenosine triphosphatase 
cDNA                       Copy DNA 
E1                              Enzyme conformation 1 
E2                              Enzyme conformation 2 
E1P                            Phosphorylated enzyme in the E1 conformation 
E2P                            Phosphorylated enzyme in the E2 conformation 
EDTA                       Ethylenediaminetetra-acetic acid 
EGTA                       Ethyeneglycol-bis(aminoethyl)-tetra-acetic acid 
IC50                           50% inhibitory concentration 
M                              transmembrane segment 
MOPS                       4-morpholinepropanesulfonic acid 
PAGE                        Polyacrylamide gel electrophoresis 
Pi                               Inorganic phosphate 
SDS                           Sodium dodecyl sulphate 
SE                              Standard error 
SEM                          Standard error of the mean 
Sf                               Spodoptera frugiperda 
X. laevis                     Xenopus laevis 
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